Complex Electric-Field Induced Phenomena in Ferroelectric/Antiferroelectric Nanowires by Herchig, Ryan Christopher
University of South Florida
Scholar Commons
Graduate Theses and Dissertations Graduate School
4-7-2017
Complex Electric-Field Induced Phenomena in
Ferroelectric/Antiferroelectric Nanowires
Ryan Christopher Herchig
University of South Florida, rch@mail.usf.edu
Follow this and additional works at: http://scholarcommons.usf.edu/etd
Part of the Physics Commons
This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in
Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact
scholarcommons@usf.edu.
Scholar Commons Citation
Herchig, Ryan Christopher, "Complex Electric-Field Induced Phenomena in Ferroelectric/Antiferroelectric Nanowires" (2017).
Graduate Theses and Dissertations.
http://scholarcommons.usf.edu/etd/6710
Complex Electric-Field Induced Phenomena in Ferroelectric/Antiferroelectric Nanowires
by
Ryan Christopher Herchig
A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Physics
College of Arts and Sciences
University of South Florida
Major Professor: Inna Ponomareva, Ph.D.
Lilia Woods, Ph.D.
Pritish Mukherjee , Ph.D.
Sarath Witanachchi , Ph.D.
Date of Approval:
May 27, 2017
Keywords : ferroelectric antiferroelectric nanowire effective Hamiltonian electrocaloric
Copyright c© 2017, Ryan Christopher Herchig
Dedication
My Parents for never giving up on me, without whom none of this would have been possible.
CIRCE administration For answering 1,000,001 questions of mine.
Acknowledgments
I would like to acknowledge Dr. Inna Ponomareva for her guidance, instruction, and
assistance in completing our research and my dissertation. I would also like to thank my
committee members for their encouragement and constructive criticism. Lastly I would like
to thank my colleagues Dr. Brajesh Mani, Dr. Kevin McCash, Dr. Chun-Min Chang, Dr.
Qingteng Zhang, and Dr. Elena Glazkova for their help and support.
The work is supported by the Army Research Office under grant No. 57787-EL, National
Science Foundation grant No. DMR-1250492, and The U.S. Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences and Engineering under grants DE-
SC0005245 (computational studies) and MRI CHE 1531590 (computational resources). The
author would like to acknowledge the use of the services provided by the Research Computing,
University of South Florida.
Table of Contents
List of Tables iv
List of Figures vi
Abstract xi
1 Introduction 1
1.1 Historical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Theory of Ferroelectrics & Antiferroelectrics . . . . . . . . . . . . . . . . . . 3
1.2.1 Crystallography of Perovskites . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.3 Landau-Devonshire Models & Phase Transitions . . . . . . . . . . . . 10
1.3 The Electrocaloric Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.3.1 Electrocaloric Cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.3.2 Indirect Method for Estimating ∆TECE . . . . . . . . . . . . . . . . . 19
1.3.3 Direct Method for Obtaining ∆TECE . . . . . . . . . . . . . . . . . . 22
1.3.4 Applications of Bulk Ferroelectrics/Antiferroelectrics . . . . . . . . . 23
1.4 Nanowire Fabrication & Characterization Techniques . . . . . . . . . . . . . 28
1.5 Current/Future Applications of Ferroelectric & Antiferroelectric Nanowires . 32
2 Methodology 37
2.1 Density Functional Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.1.1 Basics of DFT Methods . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.1.2 Density Functional Theory Algorithm . . . . . . . . . . . . . . . . . . 40
2.2 Effective Hamiltonian Method . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2.1 General Concept & Approximations . . . . . . . . . . . . . . . . . . . 44
2.2.2 Total Energy Landscape of a Prototypical Ferroelectric . . . . . . . . 46
2.2.3 Energy Terms Resulting from Antiferrodistortive Degrees of Freedom 57
2.2.4 Alloy Specific Energy Terms : Case of Lead Zirconate Titanate . . . . 61
2.3 Molecular Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
2.3.1 Numerical Integration Technique : Predictor-Corrector Algorithm . . 64
2.3.2 Statistical & Thermodynamic Ensembles . . . . . . . . . . . . . . . . 65
2.3.3 Calculating Soft Mode Frequency at Finite Temperatures from ε pωq . 67
2.4 Monte Carlo Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.4.1 Adiabatic Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . 70
i
3 Parameterization of Potassium Niobate 73
3.1 Lattice Constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.2 Eigenvector of the Soft Mode . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.3 Anharmonic Coefficients α and γ . . . . . . . . . . . . . . . . . . . . . . . . 76
3.4 Harmonic Coefficient & Short-Range Interaction Parameters . . . . . . . . . 78
3.5 Born effective Charge, Optical Dielectric Constant & Mass of Local Mode . . 82
3.6 Phonon Dispersion Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.7 Elastic Stiffness Constants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.8 Strain-Local Mode Coupling Constants . . . . . . . . . . . . . . . . . . . . . 86
3.9 Parameter Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.10 Tuning TC through Scaling of Heff Parameters . . . . . . . . . . . . . . . . 95
3.11 Further Tuning Through Scaling Blαβ . . . . . . . . . . . . . . . . . . . . . . 102
3.12 Dynamical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4 Ferroelectric Nanowires 109
4.1 Fundamental Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.1.1 Electric Properties of Ferroelectric Nanowires . . . . . . . . . . . . . 109
4.1.2 Smearing of the Phase Transition and the Dielectric Response . . . . 112
4.1.3 Emergence of Toriodal Moment of Polarization . . . . . . . . . . . . . 114
4.1.4 Soft Mode Dynamics in Electrically Biased Ferroelectric Nanowires . 116
4.1.5 Effect of Mechanical Boundary Conditions on the Soft Mode Dynamics
of PbTiO3 Nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.1.5.1 Hydrostatic Pressure . . . . . . . . . . . . . . . . . . . . . . 124
4.1.5.2 Uniaxial Stress : Lateral Directions . . . . . . . . . . . . . . 128
4.1.5.3 Uniaxial Stress : Axial Direction . . . . . . . . . . . . . . . 133
4.1.5.4 Epitaxial Strain . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.2 Proposed Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
4.2.1 Ferroelectric Nanowires for Terahertz Sensors . . . . . . . . . . . . . 141
4.2.2 Remote Polarization Switching Using an Applied Electric Field . . . 148
5 Electrocaloric Properties of Ferroelectric Nanowires 156
5.1 Electrocaloric Effect in Nanowires . . . . . . . . . . . . . . . . . . . . . . . . 157
5.1.1 Adiabatic Temperature Change Under Application of ~E . . . . . . . . 157
5.1.2 Relative Cooling Power . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6 Antiferroelectric Nanowires 163
6.1 Computational Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
6.2 Emergence of Ferroelectricity in Antiferroelectric
PbZrO3 Nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
6.3 Role of Surface Charge Compensation in Stabilization of the Ferroelectric Phase169
6.4 Proposed Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
6.4.1 Energy Storage Applications . . . . . . . . . . . . . . . . . . . . . . . 174
6.4.2 Electrocaloric Coolers . . . . . . . . . . . . . . . . . . . . . . . . . . 177
6.4.3 Electromechanical Applications . . . . . . . . . . . . . . . . . . . . . 178
ii
7 Summary and Concluding Remarks 181
References 185
Appendix A Proof of Copyright Permissions 210
Appendix B Publications 301
Appendix C Conference Presentations 302
About the Author End Page
iii
List of Tables
3.1 Components of the normalized eigenvectors for GGA and LDA describing the
local mode in KNbO3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2 The anharmonic coefficients α and γ for the LDA and GGA. . . . . . . . . . 78
3.3 Short-range interaction parameters, j1 - j7, and the quadratic self-energy co-
efficient κ2 in units of Ha/a
2
0. . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.4 Values of the Born effective charge, Z∗, optical dielectric constant, ε∞, the
local mode effective mass, M∗u and the inhomogeneous strain mass M
∗
ηin
. The
Born effective charge has units of e, the static dielectric constant is dimen-
sionless and the effective masses have units of amu. . . . . . . . . . . . . . . 83
3.5 Values of the elastic stiffness constants obtained from DFT. . . . . . . . . . 86
3.6 Blαβ parameters for KNbO3 using the GGA and the LDA. Other theoretically
calculated values are provided for comparison. The units of strain-local mode
coupling constants is Ha/a20. . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.7 Complete list of effective Hamiltonian parameters for KNbO3 for LDA and
GGA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.8 Energy minima, corresponding local mode, energy minima differences, and
change in local mode corresponding to energy minima differences for LDA,
GGA, as well as LDA and GGA incorporating the effects of strain. . . . . . 94
3.9 Some static properties of KNbO3 compiled from LDA, GGA, and from two
experimental references. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.10 Complete list of universally scaled effective Hamiltonian parameters for KNbO3
for LDA and GGA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
3.11 Values for bulk modulus, thermal expansion coefficient, and heat capacity at
constant pressure of KNbO3 for LDA and GGA. . . . . . . . . . . . . . . . . 101
3.12 Scaled strain-local mode coupling constants of the effective Hamiltonian. . . 104
3.13 Complete list of transition temperatures for KNbO3 using unscaled LDA and
GGA parameters and at various stages of the scaling procedure. . . . . . . . 104
iv
3.14 Phonon frequencies of KNbO3 for LDA and GGA. . . . . . . . . . . . . . . . 107
5.1 Relative Cooling Power values in K2 for different electric fields for PbTiO3,
BaTiO3, and KNbO3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
v
List of Figures
1.1 Spontaneous polarization and inverse dielectric susceptibility and spontaneous
strain as a function of temperature for PbTiO3 bulk. . . . . . . . . . . . . . 6
1.2 Perovskite ABO3 structure for PbZrO3. Γ-point distortion responsible for
polar mode and dielectric anomaly. Lead displacements in the Σ mode. Anti-
ferrodistortive (non-polar) oxygen octahedron rotations in the R mode. Taken
from Ref. [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Second-order ferroelectric phase transition. . . . . . . . . . . . . . . . . . . . 13
1.4 First-order ferroelectric phase transition. . . . . . . . . . . . . . . . . . . . . 14
1.5 Thermal hysteresis loops for KNbO3 bulk. . . . . . . . . . . . . . . . . . . . 15
1.6 Schematic diagram of hysteresis in an idealized ferroelectric. . . . . . . . . . 15
1.7 Schematic diagram of an electrocaloric refrigeration cycle. . . . . . . . . . . . 17
1.8 Schematic diagram of the ferroelectric RAM cell structure. Image of a FRAM
chip commercially available. . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.9 IR image of a cat taken using a pyroelectric sensor. Examples of pyroelectric
sensor devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.10 Experimental setup used to demonstrate the electrocaloric Brayton cooling
cycle in doped BaTiO3 ferroelectric. Temporal temperature profile upon ap-
plication and removal of a bias field of magnitude 300 kV/cm. . . . . . . . . 28
1.11 SEM image of KNbO3 nanowires. Dielectric constant of KNbO3 nanowire
powder vs. temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1.12 Scanning Electron Microscopy images of PbTiO3 and Pb(TixZr1−x)O3 nanowires. 31
1.13 Schematic presentation of T p∆Sq diagram for the electrocaloric material with
the second order ferroelectric → paraelectric phase transition and first order
ferroelectric → paraelectric phase transition. . . . . . . . . . . . . . . . . . . 33
1.14 Scanning Electron Microscopy cross-sectional image of BaTiO3 nanowires.
Sensor device configuration for piezoelectric voltage generation from nanowires. 34
vi
1.15 Schematic diagram showing how an SEM tip is used to apply a voltage and
control the polarization in a BaTiO3 nanowire. Scanning electron microscopy
(SEM) image of an isolated BaTiO3 nanowire. Topographic image of a 12 nm
diameter BaTiO3 nanowire and EFM images showing polarization domains
independently manipulated by external electric field. . . . . . . . . . . . . . 35
2.1 Schematic diagram depicting the density functional theory algorithm. . . . . 41
2.2 The relationship between the soft mode and the local mode in perovskite
ABO3 ferroelectrics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.3 Illustration of inter-site short-range dipole interactions between nearest neigh-
bors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.4 Diagram illustrating the origin of surface charge in ferroelectric nanostructures
where the arrows indicate the direction of net polarization and the depolarizing
field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.5 Amplitude of structural distortions of different symmetry in the ground state
of PbZrO3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.6 Pb(TixZr1−x)O3 phase diagram. . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.7 Flow chart depicting the basic Metropolis Monte Carlo algorithm. . . . . . . 70
3.1 The total energy of the KNbO3 cubic unit cell as a function of the lattice
constant using the LDA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.2 The total energy of the unit cell as a function of local mode for the three
directions of the local mode for LDA and GGA. . . . . . . . . . . . . . . . . 77
3.3 The eight local mode configurations used to compute the short-range coupling
parameters (ji) as well as the on-site harmonic coefficient. . . . . . . . . . . 80
3.4 Phonon dispersion curves for KNbO3 using the parameters derived from the
LDA and GGA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.5 Phonon dispersion curves for KNbO3 using the parameters derived from the
LDA and GGA with the j-parameters from the figure b, e, and f local mode
calculations replaced with those generated from the 40 atom DFPT calculations. 85
3.6 Results of frozen phonon calculations showing κη as a function of relative
strain used to determine the strain-local mode coupling constants. . . . . . . 88
3.7 Results of 5-atom calculations showing κη vs. η used to extract strain-local
mode coupling coefficients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.8 Dependence of the polarization components on temperature for bulk KNbO3
using the LDA parameters and GGA parameters. . . . . . . . . . . . . . . . 91
vii
3.9 Change in first-principles energy as a function of local mode for LDA and
GGA. Solid (dashed) lines are in the absence (presence) of strain. . . . . . . 93
3.10 Dependence of the unit cell volume on temperature for bulk KNbO3 using the
LDA parameters and GGA parameters. . . . . . . . . . . . . . . . . . . . . . 96
3.11 Dependence of the polarization components on temperature for bulk KNbO3
using the scaled LDA parameters and GGA parameters. . . . . . . . . . . . 97
3.12 Dependence of the bulk modulus on temperature for bulk KNbO3 using the
scaled LDA parameters and GGA parameters. . . . . . . . . . . . . . . . . . 100
3.13 Dependence of the thermal expansion coefficient on temperature for bulk
KNbO3 using the scaled LDA parameters and GGA parameters. . . . . . . . 101
3.14 Dependence of the heat capacity on temperature for bulk KNbO3 using the
scaled LDA parameters and GGA parameters. . . . . . . . . . . . . . . . . . 102
3.15 Dependence of the polarization on temperature for bulk KNbO3 using scaled
LDA parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.1 Curie temperature as a function of diameter in BaTiO3 nanowires. Compu-
tational Curie temperature as a function of diameter in KNbO3 nanowires. . 111
4.2 Dependence of the polarization components on the temperature in bulk and
nanowires. Dependence of the dielectric constant on the temperature in bulk
and nanowire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.3 Dipole patterns for BaTiO3 at 5.0 K and 200.0 K. Toroidal moment of polar-
ization for BaTiO3 and KNbO3. . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.4 Characteristic frequency of the soft mode as a function of temperature for
bulk PbTiO3 with electric field parallel and anti-parallel to the polarization. 119
4.5 Characteristic frequency of the soft mode as a function of temperature for the
PbTiO3 nanowire with electric parallel and anti-parallel to the polarization. . 120
4.6 The tetragonality and spontaneous polarization for PbTiO3 nanowire as a
function of temperature for different hydrostatic pressures. . . . . . . . . . . 125
4.7 Transition temperature as a function of hydrostatic pressure for PbTiO3 nanowire.126
4.8 Soft mode frequency squared as a function of hydrostatic pressure for repre-
sentative temperatures. Spontaneous strain as a function of temperature for
representative values of the hydrostatic pressure. . . . . . . . . . . . . . . . . 128
4.9 Unit cell parameters as a function of temperature for uniaxial stress acting on
the planes perpendicular to the [100] direction. . . . . . . . . . . . . . . . . . 129
viii
4.10 Transition temperature as a function of uniaxial lateral stress acting on the
planes perpendicular to the [100] direction for PbTiO3 nanowire. . . . . . . . 130
4.11 Spontaneous polarization and toroidal moment of polarization vs. tempera-
ture for nanowire under uniaxial stress acting on the planes perpendicular to
the [100] direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
4.12 Frequency squared as a function of uniaxial stress acting on the planes per-
pendicular to the [100] direction for representative temperatures. . . . . . . . 133
4.13 Unit cell parameters as a function of temperature for uniaxial stresses acting
on the planes perpendicular to the [001] direction. . . . . . . . . . . . . . . . 134
4.14 Transition temperature as a function of axial stress acting on the planes per-
pendicular to the [001] direction for representative temperatures for PbTiO3
nanowire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.15 Spontaneous polarization and toroidal moment of polarization vs. tempera-
ture for nanowire under uniaxial stress acting on the planes perpendicular to
the [001] direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.16 Frequency squared as a function of uniaxial stress acting on the planes per-
pendicular to the [001] direction for representative temperatures. . . . . . . . 137
4.17 Schematic diagram of a nanowire grown on a substrate producing an epitaxial
strain in the X-Z plane of the nanowire. . . . . . . . . . . . . . . . . . . . . . 137
4.18 Unit cell parameters as a function of temperature for biaxial strain. . . . . . 138
4.19 Transition temperature as a function of biaxial strain for PbTiO3 nanowire. . 139
4.20 Frequency squared as a function of biaxial strain applied along the x and z
directions for representative temperatures. . . . . . . . . . . . . . . . . . . . 140
4.21 Temperature and polarization as a function of time for the Pb(Ti0.6Zr0.4)O3
nanowire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
4.22 Simulation data for the 4.8 nm thick Pb(Ti0.6Zr0.4)O3 nanowire. . . . . . . . 147
4.23 Dependence of the Polarization reversal field and the characteristic frequency
on temperature for PbTiO3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.24 Time dependence of the temperature and polarization in PbTiO3 nanowire. . 152
4.25 Dependence of the inverse square of the pulse field amplitude on the field’s
frequency and on the Gaussian envelope half-width. . . . . . . . . . . . . . . 155
5.1 Adiabatic change in temperature as a function of applied electric field for
PbTiO3, BaTiO3, and KNbO3. . . . . . . . . . . . . . . . . . . . . . . . . . . 158
ix
5.2 The electrocaloric change in temperature as a function of initial temperature
for a few values of the electric field. The linear ECE as a function of the initial
temperature (d)-(f). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.3 Pyroelectric coefficient and temperature derivative of the dielectric suscepti-
bility vs. temperature for PbTiO3, BaTiO3, and KNbO3 nanowires. . . . . . 161
6.1 Schematic setup for a possible route to performing the electric measurements
in PbZrO3 nanostructures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.2 Room temperature hysteresis loops for PbZrO3 nanowires with different per-
centages of charge compensation. . . . . . . . . . . . . . . . . . . . . . . . . 168
6.3 Low temperature dipole patterns for PbZrO3 nanowires. . . . . . . . . . . . 169
6.4 Room temperature hysteresis loops and polarizations for PbZrO3 nanowires
with different percentages of charge compensation. . . . . . . . . . . . . . . . 170
6.5 Room temperature spontaneous polarization as a function of lateral size, d,
for nanowires with different percentages of surface charge compensation. . . 172
6.6 Electrical hysteresis behavior for 4.95 nm nanowire for representative β. . . . 175
6.7 The dielectric susceptibility reported relative to bulk as a function of d; re-
coverable energy density and efficiency as a function of nanowire lateral size. 176
6.8 Recoverable and non-recoverable portions of the energy density for d = 8.3
nm nanowire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
6.9 Temperature dependence of the remnant polarization. Dependence of the
temperature associated with the onset of spontaneous polarization on the
nanowire size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
6.10 Dependence of the different components of the strain tensor on the electric
field in 8.3 nm nanowire and; Dependence of the piezoelectric coefficients
on the nanowire size; Temperature evolution of spontaneous strain in 5 nm
nanowire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
x
Abstract
Perovskite ferroelectrics and antiferroelectrics have attracted a lot of attention owing to their
potential for device applications including THz sensors, solid state cooling, ultra high den-
sity computer memory, and electromechanical actuators to name a few. The discovery of
ferroelectricity at the nanoscale provides not only new and exciting possibilities for device
miniaturization, but also a way to study the fundamental physics of nanoscale phenomena
in these materials. Ferroelectric nanowires show a rich variety of physical characteristics
which are advantageous to the design of nanoscale ferroelectric devices such as exotic dipole
patterns, a strong dependence of the polarization and phonon frequencies on the electrical
and mechanical boundary conditions, as well as a dependence of the transition temperatures
on the diameter of the nanowire. Antiferroelectricity also exists at the nanoscale and, due
to the proximity in energy of the ferroelectric and antiferroelectric phases, a phase tran-
sition from the ferroelectric to the antiferroelectric phase can be facilitated through the
application of the appropriate mechanical and electrical boundary conditions. While much
progress has been made over the past several decades to understand the nature of ferroelec-
tricity/antiferroelectricity in nanowires, many questions remain unanswered. In particular,
little is known about how the truncated dimensions affect the soft mode frequency dynam-
ics or how various electrical and mechanical boundary conditions might change the nature
of the phase transitions in these ferroelectric nanowires. Could nanowires offer a distinct
advantage for solid state cooling applications? Few studies have been done to elucidate
the fundamental physics of antiferroelectric nanowires. How the polarization in ferroelectric
nanowires responds to a THz electric field remains relatively underexplored as well. In this
work, the aim is to to develop and use computational tools that allow first-principles-based
xi
modeling of electric-field-induced phenomena in ferroelectric/antiferroelectric nanowires in
order to address the aforementioned questions.
The effective Hamiltonian approach is a well validated model which reliably reproduces
many static and dynamic properties of perovskite ferroelectric and antiferroelectrics. We
begin by developing an effective Hamiltonian for the prototypical ferroelectric potassium
niobate, a lead-free material which undergoes multiple structural phase transitions. Den-
sity functional theory calculations within the LDA and GGA are used to determine the
effective Hamiltonian parameters for KNbO3. By simulating an annealing within an NPT
ensemble, we find that the KNbO3 parameters found from first principles underestimate the
experimental transition temperatures. We apply a universal scaling technique to all of the
first-principles derived parameters and are thus able to more accurately reproduce the tran-
sition temperatures predicted by experiment as well as a number of other static and dynamic
properties of potassium niobate.
Having determined the parameters of the effective Hamiltonian for KNbO3, we use this
as well as previously determined effective Hamiltonian parameters for PbTiO3 and BaTiO3
to study the electrocaloric effect in nanowires made of these materials. We determined that,
in general, the electrocaloric effect in ferroelectric nanowires is diminished due to the reduced
correlation length resulting from the finite lateral dimensions. However, certain tempera-
ture ranges were identified near ambient temperature where the electrocaloric response is
enhanced with respect to bulk. The effective Hamiltonian model was also employed to study
the response of the spontaneous polarization and temperature to tailored electric fields. We
identified a novel means of reversing the polarization in ferroelectric nanowires which could
potentially be used in the design of nanoscale THz sensors of ultra high density ferroelectric
memory devices.
While the soft mode frequency dynamics of bulk ferroelectrics under various mechani-
cal boundary conditions have been studied extensively, the effects of different mechanical
boundary conditions on the soft mode dynamics in ferroelectric nanowires remains relatively
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under-explored. We conduct a comprehensive study on PbTiO3 nanowires which explores
the effects of hydrostatic pressure, applied uniaxial stress, and biaxial strain on the structural
properties, transition temperatures, and soft mode dynamics. We found that depending on
the particular type of mechanical boundary condition, the nanowire can exhibit either mon-
odomain or polydomain vortex phases, drastically different from what is found for PbTiO3
bulk and originates from the critical role of the depolarizing field. We found a rich variety
of dipole patterns, particularly for the polydomain states with the dipoles arranged in sin-
gle and double polarization vortices depending on the type and strength of the mechanical
boundary conditions. The soft mode frequency dynamics are also strongly affected by the
mechanical boundary conditions. In particular we find that the frequency of the E mode
in the P4mm phase is significantly larger than the A1 mode which is in contrast with bulk
PbTiO3. This striking finding is attributed to the presence of the depolarizing field along
the truncated directions which leads to mode hardening.
In the last chapter, we identify the emergence of a ferroelectric state in antiferroelectric
PbZrO3 nanowires and describe possible ways to stabilize the ferroelectric phase. Finally,
we explore how our findings could potentially be used to improve existing technologies such
as energy storage devices and electromechanical actuators as well as future technologies like
solid state cooling devices.
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1 Introduction
1.1 Historical Background
For centuries the pyroelectric effect, or, the ability of certain materials to generate a sponta-
neous dipole moment upon heating or cooling, was known of but not well understood. This
was explained as the difference between the charge developed from uniform and non-uniform
heating was due to the resulting thermal stress created in the material. Of all the early
known pyroelectric materials, none were ferroelectric since none possessed a reversible elec-
tric dipole moment. The first known true ferroelectric material NaKC4H4O6 · 4H2O, also
known as Rochelle salt, has a relatively complex structure and was consequently not well
understood at the time of its discovery. Additionally, given that it was the only known ex-
ample of a ferroelectric material, ferroelectricity was believed to be somewhat of an anomaly
in nature. It was not until the years of 1935 to 1938 that a group of ferroelectric materials
was discovered which showed any kind of a structural pattern, the phosphates and the ar-
senates. Of the phosphates, the primary example is potassium dihydrogen phosphate with
chemical formula KH2PO4, better known as KDP. Discovered also were the ammonium salts
which did not develop a macroscopic polarization below their critical or Curie temperature.
Though it was not known at the time, the reason for this is that pNH4qH2PO4, abbreviated
ADP, is actually an antiferroelectric so no net polarization should exist below the Curie
temperature. During the World War II era, ADP replaced Rochelle Salt in sonar devices as
it was not as sensitive to changes in temperature [2].
In the 1940’s barium titanate, a ceramic with a dimensionless dielectric constant of 1000 to
3000 at room temperature was discovered. It was later found that barium titanate (BaTiO3)
was ferroelectric at room temperature. The crystal structure of BaTiO3 is much simpler than
that of all previously discovered ferroelectrics making it much easier to study and understand.
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Its discovery compelled scientists to search for other ferroelectrics with the same perovskite
ABO3 crystal structure. In the following years, other materials which were already known
of were found to be ferroelectric. Some of these materials include KNbO3, KTaO3, LiNbO3,
LiTaO3, and PbTiO3. The relatively simple crystal structure of these perovskites allowed for
the development of a microscopic theory of ferroelectric phase transitions. In 1950 John C.
Slater proposed that the ferroelectric behavior in BaTiO3 was due to the long-range dipolar
forces which tend to destabilize the high-symmetry configuration which was favoured by the
short-range forces. This assumption was correct and has since been verified by experiment
and further theoretical development. In 1960 Anderson and Cochran proposed the soft mode
theory of ferroelectrics. They proposed that only certain phonon modes are important to
ferroelectric phase transitions and that the others can be safely neglected without loss of
generality. [2]
The first application of thermodynamics to ferroelectric systems, Rochelle salt, was by
Mueller in 1940. He wrote the free energy as an expansion in powers of polarization and
strain. The expansion parameters were determined by associating them with measurable
quantities. The theory was capable of explaining dielectric, piezoelectric, and elastic behavior
at finite temperature using a free-energy polynomial containing a limited number of terms.
This technique was further developed to describe polar and non-polar phases by Ginzburg
and Devonshire with specific reference to BaTiO3. It undergoes three phase transitions with
each ferroelectric phase having a different polar axis. In 1951, Kittel further generalized the
theory to include antiferroelectrics materials as well. [2]
Over the next several decades, a number of materials which had been previously studied
were found to be ferroelectric. Many of the crystals for which dielectric anomalies had been
reported were found to be ferroelectric or antiferroelectric. The list of materials known to be
ferroelectric numbered in the hundreds. The problem had shifted from a preponderance of
ferroelectric materials to that of a tendency to classify any antidistortive crystal as antiferro-
electric and to categorize materials with merely a metastable polarization as ferroelectric [2].
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A new theory, and rigorous definition of ferroelectricty, was needed to accurately characterize
materials as ferroelectric.
Since the 1960’s, the theoretical emphasis has been on the lattice-dynamical or soft mode
description of ferroelectricity. In the mid-nineties, the pioneering works of Zhong, Vanderbilt,
Rabe et. al. [3–5] has cast our theoretical understanding into the context of the effective
Hamiltonian description of ferroelectric phase transitions. This interpretation capitalizes on
the lattice-dynamics with the effective Hamiltonian written in terms of the soft modes and
strain variables only. The effective Hamiltonian in general enough to describe essentially
all types of ferroelectric instabilities yet simple enough to remain tractable such that the
general aspects of ferroelectricity which are common to all systems can be identified. This
is especially true of the perovskite ferroelectrics as their relatively basic crystal structure
allows for theoretical progress to be made.
1.2 Theory of Ferroelectrics & Antiferroelectrics
Modern theories of ferroelectrics and antiferroelectrics can be divided into two main cate-
gories, macroscopic and microscopic approaches. The former typically use thermodynamic
principles and symmetry arguments to describe ferroelectric phase transitions in a broad
sense. These macroscopic theories are useful for comparison to experimental findings or
for models which attempt to quantify results for application purposes, however they give
no interpretation of the underlying mechanisms responsible for material properties and for
complex phenomena such as structural phase transitions. Microscopic theories on the other
hand have the capability of explaining why these phenomena occur by appealing to an
atomistic description of the physical systems being studied, often times with nanometer
spatial resolution and femtosecond temporal resolution. In the following sections, we will
begin with an overview of ferroelectrics and antiferroelectrics, followed by a thermodynamic
description of phase transitions, and a theoretical description of the electrocaloric effect.
We will also discuss experimental techniques for synthesizing ferroelectric/antiferroelectric
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nanowires, current and potential applications of ferroelectrics and antiferroelectrics, conclud-
ing with a discussion of how these applications can be improved through the incorporation
of ferroelectric/antiferroelectric nanowires into their design.
1.2.1 Crystallography of Perovskites
Crystals are divided into 7 different crystal classes depending on their geometry. These
different classes possess varying degrees of crystal symmetry with the triclinic system having
the lowest symmetry and the cubic system being the most symmetric. Other phases include
monoclinic, orthorhombic, tetragonal, rhombohedral, and hexagonal. These crystal systems
are further divided into different crystal classes, of which there are 32 in total. Of these
32 classes, 11 possess a center of symmetry and therefore have no polar properties. If a
uniform stress is applied to a centrosymmetric crystal, the resulting displacement of charge
is distributed symmetrically throughout the crystal which causes full compensation of relative
charge separations and no dipole moment. Though the application of an electric field does
produce a strain, this strain is unchanged by the reversal of the electric field. This induced
strain is known as electrostriction and is present in all materials, crystalline or amorphous.
Of the 21 remaining crystal classes, 20 of them are piezoelectric meaning they exhibit electric
polarity when subjected to a stress. Of these 20 classes, 10 of them possess a unique polar
axis. Crystals belonging to these classes are classified as polar since they have a polarization
or a dipole moment per unit volume. If this polarization is discontinuous, for instance at
the surface of a ferroelectric sample, it creates a depolarizing electric field which opposes the
polarization. This depolarizing field can be compensated by the flow of free charge within
the crystal and in the surrounding medium. The free charge can originate from a number
of sources including free change carriers, molecular adsorbates, intrinsic surface states, and
oxygen vacancies. The polarization is in most cases temperature dependent, a phenomenon
known as pyroelectricity. The polarization can then be detected from the flow of charge to
and from the surfaces as the temperature of the crystal is changed. These 10 remaining
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crystal classes are thus referred to as the pyroelectric classes. [2, 6, 7]
A ferroelectric is a material which possesses a spontaneous polarization in the absence
of an electric field which can be reversed by the application of an electric field. The ability
of the orientational state to be reversed by the electric field is essential for classification of
a material as a ferroelectric. These orientational states are identical in crystal structure,
however they differ by the direction of the electric polarization vector at zero electric field.
Additionally, these states should represent a completely stable configuration in the absence
of an external electric field for the material to be classified as a true ferroelectric. In some
materials, a metastable state can exist, often times induced by the external field, which can
be switched upon reversal of the field. Technically, these materials are not classified as a
true ferroelectric.
The term prototype phase is used to describe the highest symmetry phase that a ferro-
electric crystal can exist in. It is with respect to this phase that the small displacements of
the ions are described in reference to. The prototype phase exists as the highest temperature
paraelectric phase, face-centered cubic, in PbTiO3, Pb(Ti0.6Zr0.4)O3, and KNbO3. A ferro-
electric phase transition represents a change in crystal structure accompanied by the onset
of a spontaneous polarization. Figures 1.1(a) and (b) show data from a simulated annealing
of PbTiO3 bulk. At the Curie temperature, about 605 K in computational temperature,
the material undergoes a phase transition accompanied by the polarization spontaneously
acquiring a non-zero component along one of the crystallographic directions. In most ferro-
electrics, a diverging dielectric response or permittivity, ε, is typically associated with the
phase transition from the paraelectric to the ferroelectric phase. This can be seen in Fig.
1.1(a) in which the inverse of the dielectric permittivity (1/ε) with respect to temperature
nearly goes to zero at the Curie temperature. Figure 1.1(b) shows the spontaneous strain
which is induced by the structural phase transition from cubic to tetragonal symmetry.
Figure 1.2(a) shows an example of a perovskite ABO3 conventional cell in which the
A (Pb) and B (Zr) ions are positively charged while the oxygen ions, 6 per conventional
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Figure 1.1: Spontaneous polarization and inverse dielectric susceptibility (a) and spontaneous
strain (b) as a function of temperature for PbTiO3 bulk.
cell forming an oxygen octahedron, are negatively charged. It is usually the case that a
ferroelectric phase transition is associated with the condensation of a low-frequency mode
(soft mode) of lattice vibration at the Brillouin zone center. Figure 1.2(b) shows the ionic
displacement associated with the condensation of this phonon mode. When a structural
phase transition is triggered by a zone-center soft mode it is called ferrodistortive. The
definition of a ferroelectric can then be amended as a subgroup of the class of ferrodistortive
transitions which involves the condensation of a polar or optically active mode which causes
the appearance of a long-range polar order in the crystal. When mode condensation occurs at
a place in the Brillouin zone other than the zone center, it is referred to as an antidistortive
or antiferrodistortive structural phase transition. This most often occurs at the Brillouin
zone boundary of the high-temperature phase and usually involves a doubling of the unit
cell to account for both polarization directions. An example of this cell doubling can be seen
in Fig. 1.2(c) in which the lead ions are displaced relative to one another in the Σ mode.
Figure 1.2(d) depicts the oxygen octahedron rotations associated with the antiferrodistortive
structural phase transition.
1Figure 1.2 has been previously published in A. K. Tagantsev et al., “The origin of antiferroelectricity
in PbZrO3”, Nature Communications, vol. 4, p. 2229, 2013, and has been reproduced with permission from
Nature Publishing
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Figure 1.2: Perovskite ABO3 structure for PbZrO3 (a). Γ-point distortion responsible for
polar mode and dielectric anomaly (b). Lead displacements in the Σ point in the Brillouin
zone (c). Antiferrodistortive (non-polar) oxygen octahedron rotations at the R point in the
Brillouin zone (d). Taken from Ref. [1]
Though most ferroelectrics are ferrodistortive, it is not a necessary condition that a zone-
center polar mode be the driving instability which leads to the structural phase transition.
Due to a strong coupling between the soft mode and the long wavelength acoustic phonons,
often referred to as strain variables, it is possible that a driving antidistortive mode can
indirectly induce a spontaneous polarization. Such a transition is labelled intrinsically an-
tidistortive but extrinsically ferroelectric. The primary order parameter is of antidistortive
character making the spontaneous polarization the secondary order parameter of the phase
transition. There always exists only one primary order parameter, however there can be a
number of secondary or induced order parameters resulting from phonon couplings. [2, 6]
Due to the piezoelectric interaction, resulting from the coupling of polar modes to acoustic
modes, a spontaneous strain is virtually a universal characteristic of all ferroelectrics since
they are all piezoelectric. If this strain can be reversed by the application of a stress, then
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the material is said to be ferroelastic. Technically, the crystal is ferroelastic if it possesses
two or more orientational states in the absence of both mechanical stress and an electric field
and can be shifted from one to the other of these states by the application of a mechanical
stress. These orientational states are identical in crystal structure and differ only in the
mechanical strain tensor at zero mechanical stress and electric field.
1.2.2 Thermodynamics
The thermal, elastic, and dielectric behavior of a homogeneous dielectric is completely de-
scribed by 6 different physical quantities, namely the temperature (T), the entropy (S),
stress (σi), strain (ηi), electric field (E), and displacement electric field (D). There are 6
components of both stress and strain and 3 components of the electric and displacement
fields giving a total of 20 thermodynamic coordinates necessary to fully specify the state of
the system. A thermodynamic description of ferroelectrics typically begins with the first law
of thermodynamics which states that the change in internal energy per unit volume is equal
to the infinitesimal quantity of heat transferred to the unit volume plus the work done on
the ferroelectric by electrical or mechanical forces and is given by
dU = dQ+ dW (1.1)
during the resulting quasi-static transformation. For quasi-static processes, the change in
state of the system is reversible which further simplifies calculations such that the infinitesi-
mal quantity of heat received by the unit volume is related to the absolute temperature and
change in entropy of the system by the expression dQ = TdS where S is the entropy of the
system. The work done by a uniform mechanical stress and uniform electric displacement
field can be separated into their individual contributions giving
dW = dWM + dWE =
∫
V
pσidηi + EidDiq dV. (1.2)
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Combining these two equations, the first law can be rewritten as
dU = TdS + σidηi + EidDi (1.3)
where both strain and electric displacement fields are assumed to be uniform. From equation
(1.3), the exact differentials take their simplest form if S, or ηi, orD are held constant. These
are referred to as principal variables for the internal energy. It is then possible to calculate
T , σi, and E from Eq. 1.3
T =
ˆ
∂U
∂S
˙
η,D
, σi =
ˆ
∂U
∂ηi
˙
S,D
, Ei =
ˆ
∂U
∂Di
˙
S,η
(1.4)
where these three expressions describe the calorimetric, elastic, and dielectric equations of
state respectively.
An example of a typical experimental situation under which static measurements are
performed is with T , σi, and Ei held constant. The thermodynamic potential in this case is
the Gibbs free energy defined as
G = U − TS − σiηi − EiDi (1.5)
which can be used to derive the equation of state. The differential form is
dG = −SdT − ηidσi −DidEi (1.6)
The differential form of the Gibbs free energy represented by equation 1.6 implies that
the free energy is, in equilibrium, a stationary function with respect to changes in the prin-
ciple variables. The second law of thermodynamics states that if a closed system is in a
configuration that is not the equilibrium configuration, the most probable consequence will
be that the entropy of the system will increase monotonically in successive instants of time,
referred to as the law of increase of entropy. [8] Application of this law to the differential
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of the thermodynamic potential in equation 1.6 with reference to non-equilibrium config-
urations reveals that these processes have the effect of bringing the system to a state of
thermodynamic equilibrium. Consequently, as the system approaches equilibrium with the
independent variables held constant, the free energy is minimized given that the variables
being constrained are the principal ones. For the principle variables T , σi, and Ei, it is
the Gibbs free energy which is minimized with respect to the constrained variables as the
system reaches equilibrium. As a result, the values of the constrained variables then define
the equilibrium values of the unconstrained variables in terms of T , σi, and Ei.
S = −
ˆ
∂G
∂T
˙
σ,E
, ηi = −
ˆ
∂G
∂σi
˙
T,E
, Di = −
ˆ
∂G
∂Ei
˙
T,σ
(1.7)
Using these final relationships, the minimized free energy is thus expressed in terms of
the principal values alone as
dG =
ˆ
∂G
∂T
˙
σ,E
dT +
ˆ
∂G
∂σi
˙
T,E
dσi +
ˆ
∂G
∂Ei
˙
T,σ
dEi (1.8)
If two or more states are locally stable for the same set of constraints, the state with
the smallest value of the free energy is called the absolutely stable state while the others
are referred to as metastable state. In other words, the metastable states represent local
minima in the free energy landscape, while the global minimum is the absolutely stable
configuration. [2, 9]
1.2.3 Landau-Devonshire Models & Phase Transitions
The Landau-Devonshire theory provides a description of ferroelectric behavior near phase
transition for a system in equilibrium. The model is based solely on symmetry arguments
and essentially relates measurable quantities to one another using a minimum set of input
parameters which can be found either by experiment or from first-principles calculations. As
previously mentioned, the thermodynamic state of a system is completely specified by the
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values of certain variables. For bulk ferroelectrics these variables are the temperature (T),
the polarization (P), the electric field (E), the strain (η), and the stress (σ). Typically, an
electric field and elastic stresses are applied externally so the polarization and strain can be
regarded as being dependent variables. Landau-Devonshire theory utilizes two fundamental
postulates of thermodynamics applied to bulk ferroelectrics: The free energy F of a system
can be expressed generally as a function of ten variables (three components of polarization,
six components of a stress tensor, and a temperature); and the values of the dependent
variables (polarization and strain) in thermal equilibrium are obtained at the free-energy
minimum when the free energy is optimized. [9]
A thermodynamic system cannot change smoothly between two phases of different sym-
metry. Additionally, since the thermodynamic states of two phases that are symmetrically
distinct are required to be the same at their shared transition line, the symmetry of one
phase must be higher than the symmetry of the other. The transition is characterized in
terms of the order parameter, a physical entity which is zero in the highest symmetry dis-
ordered phase and changes to a finite value as the symmetry is lowered. In the vicinity of
the phase transition, the free energy is expanded in powers of the dependent variables or
order parameters, the polarization and the strain, with the coefficients to be found from
experiment or from ab initio calculations. Only symmetry compatible terms are retained in
the expansion. Due to cubic symmetry, in an expansion of the free energy in polarization,
only terms with even powers in the polarization would survive while terms with P , P 3, etc.
dependence are discarded. [7, 9]
The Landau-Devonshire model is strictly a macroscopic theory and cannot describe any
microscopic physics associated with the phase transition such as atomic displacements, do-
main wall formation or motion, etc. In general, for Landau-Devonshire theory to be valid the
local fluctuations in the order parameter must be small compared to the value of the order
parameter itself. The characteristic length scale over which these fluctuations are considered
is given by the correlation length denoted by ξ. The correlation length corresponds to the
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length scale over which the polarization exists above T0, at T = T0 the correlation length ξ
diverges, and for T < T0 it describes the length scale over which P varies from its equilibrium
value. Landau theory works well when coordination number, or, the number of interacting
neighbors for a given site, is high. This is achieved by large dimensionality or by long-range
interactions. In ferroelectric systems, significant dipolar interactions contribute to these
long-range interactions making Landau Theory a useful tool, however angular dependence
of the dipolar force leads to non-Landau behaviour near phase transition. [2, 9]
In the Landau-Devonshire phenomenological model of ferroelectricity, the free energy of
a system can be written using the general expression
FP = 1
2
a pT − T0qP 2 + 1
4
bP 4 +
1
6
cP 6 − EP (1.9)
with a and c being positive coefficients for all known ferroelectric materials. From this
equation, two distinct situations arise depending on the sign of b. For a 2nd order or
continuous phase transition, b > 0 and the transition occurs at T = T0. For a 2nd order
transition, the free energy changes continuously and smoothly as shown in Fig. (1.3a).
Above T0, the only stable energy state exists at zero polarization. As the temperature is
lowered below the transition temperature, the classic double-well energy landscape develops
giving rise to the two stable polarization states. A 2nd order transition is termed continuous
since as the temperature is decreased, the order parameter P goes continuously to zero at
the transition temperature as illustrated in Fig. (1.3b). In contrast, dielectric susceptibility
diverges at T0 as it is governed by the expression
χ =
∂P
∂E
∣∣∣∣
P0
=
1
2a
pT − T0q−1 (1.10)
where a is the coefficient from Eq. 1.9 and P0 is the equilibrium polarization. The divergence
of the susceptibility predicted by Landau-Devonshire theory of course does not occur in
nature. In practice, χ reaches finite albeit extremely large values in real ferroelectric materials
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which undergo 2nd order phase transitions [9].
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Figure 1.3: Second-order ferroelectric phase transition. (a) Free energy as a function of
the polarization for T > T0, T = T0, and T < T0; (b) Spontaneous polarization P0 pT q as
a function of temperature. (c) The susceptibility and its inverse, where χ = ∂P/∂E|P0 is
evaluated at the equilibrium polarization P0 pT q.
For negative values of b, the material will undergo a 1st order or discontinuous phase
transition. Figure (1.4a) depicts this situation where, even for temperatures above the
Curie point, the free energy landscape might have local minima with non-zero polarization
vectors representing metastable states. As the temperature of the system is further reduced,
equivalent to reducing a, these energy minima will further reduce until at temperatures
T0 < TC , below the transition temperature, these states will drop below the energy of the
zero polarization state and become the thermodynamically favored configuration. These
energy minima represent the two stable ferroelectric states of the crystal, being equivalent
in energy in the absence of an electric field with the unpolarized state being unstable. By
applying an electric field, the system can be biased such that one energy state will be lower
than the other. This will become the thermodynamically favored energy state; the dipole
moments of each unit cell will tend to align themselves with the electric field leading to a
preferred dipole configuration. A reversal of the electric field direction essentially amounts
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to a reflection of the free energy vs. polarization curve about the energy axis with the dipoles
reacting by reversing their directions [2, 9].
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Figure 1.4: First-order ferroelectric phase transition. (a) Free energy as a function of the
polarization at T > TC , T = TC , and T = T0 < TC ; (b) Spontaneous polarization P0 pT q
as a function of temperature. (c) Susceptibility χ as a function of temperature.
An important feature characterizing the 1st order transition is that the order parameter
P jumps discontinuously to zero at the transition temperature, as illustrated by Fig. (1.4b).
Consequently, the dielectric susceptibility also jumps discontinuously at the Curie tempera-
ture, TC , as is shown in Fig. (1.4c). At T = TC , all three states are energetically degenerate;
the thermodynamic behavior of the system depends on whether the crystal is being heated
from the lower temperature ferroelectric phase up to TC or being lowered to TC from the high
temperature paraelectric phase. This is a phenomenon known as thermal hysteresis where
the transition temperature depends on whether the sample is heated or cooled, depicted in
Fig. (1.5). In Fig. 1.5, a simulated annealing and heating of a KNbO3 bulk sample, the
transition temperatures are lower for the cooling cycle than for heating by approximately
100 K.
Another type of hysteresis which is characteristic of ferroelectrics is that of electrical
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Figure 1.5: Thermal hysteresis loops for KNbO3 bulk.
hysteresis as shown in Fig. 1.6. As the applied electric field is varied, the free energy
minima change depth and switch their relative positions and the polarization in the material
consequently reverses direction as the dipoles shift their spatial orientations. As there is an
energy barrier between the two minima, a small electric field will not immediately reverse
the polarization. [9]
E
P
Figure 1.6: Schematic diagram of hysteresis in an idealized ferroelectric. Accompanying the
hysteresis curve are the corresponding free energy curves depicting the shape of the energy
wells and the polarization orientation in the ferroelectric crystal.
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The amount of polarization that remains when the electric field is zero is referred to as
the remnant polarization represented by the point of intersection of the hysteresis curve and
the polarization axis. The saturation polarization is the maximum amount of polarization
achieved at the maximum electric field applied. This is the polarization that exists in the
stable state at the minimum of energy (bottom of the lowest energy well). The coercive
electric field is the electric field required to bring the polarization from one of the stable
states to zero. This is the point where the hysteresis curve intersects with the electric field
axis, where the polarization reversal occurs. [2]
It is important to recognize that in real physical systems, phase transitions are never
completely 1st or 2nd order but instead represent some combination of these two idealized
cases. Some phase transitions are predominately 1st or 2nd order, but these two extremes
essentially represent limiting cases for the behavior of real crystal systems. They serve as
tools for modelling ferroelectric materials and for predicting and explaining different features
and properties of the system being studied.
1.3 The Electrocaloric Effect
The electrocaloric effect is defined as the adiabatic change in temperature or equivalently
the isothermal change in entropy upon application of an external electric field. Due to their
large dielectric susceptibility, ferroelectric materials display a strong electrocaloric response
making them suitable candidates for studying the electrocaloric effect which could potentially
be used in solid-state cooling applications. We will now provide a brief introduction to the
physical concepts and mathematical expressions used to describe the electrocaloric effect.
1.3.1 Electrocaloric Cycles
The essential operating principles of an electrocaloric refrigeration cycle are analogous to
those of a vapor compression cooling cycle. There must be some mechanism by which the
electrocaloric material transfers heat to the surrounding environment as well as absorbs heat
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from it. This is incorporated into a thermodynamic cycle as depicted in Fig. 1.7, a schematic
representation of an electrocaloric refrigeration cycle. The cycle goes as follows :
1. Adiabatic polarization (A → B) - An isolated electrocaloric material is subjected to
an electric field from E1 to E2 which results in ordering of the electric dipoles. The electric
field polarizes the material causing the dipoles to align along the direction of the electric
field. The refrigerant heat capacity and configurational entropy decreases (S1 to S2) and
since the process is adiabatic (refrigerant isolated to heat exchange with environment) the
temperature of the material increases as (T0 + ∆T ).
2. Heat transfer (B → C) - The refrigerant is put into thermal contact with a hot
reservoir (Th), the electric field is held constant to ensure the process is isothermal (constant
refrigerant temperature). Heat is expelled from the refrigerant to the heat reservoir according
to Qh = Th∆Sh where ∆Sh = S3 − S2
Field increased 
adiabatically 
Field decreased 
adiabatically 
Isothermal 
process
Isothermal 
process
HEAT LOAD
HEAT SINK
disordered dipoles
disordered dipoles
ordered dipoles
ordered dipoles
E1 , T0 , S1 E2 , T0 + ΔT , S2
E4 , T0 – ΔT , S4 E3 , T0 , S3
Tc Th
(A) (B)
(C)(D)
Figure 1.7: Schematic diagram of an electrocaloric refrigeration cycle.
3. Adiabatic depolarizing (C → D) - The electrocaloric material is again isolated from
the heat reservoir while the electric field is decreased (E3 to E4) allowing the dipoles to
relax and depolarize, causing the configurational entropy to increase (S3 to S4). Since the
17
material is isolated from its surroundings (adiabatic conditions), no heat is exchanged and
the refrigerant cools down (T0 −∆T ).
4. Entropy transfer (D→ A) - The refrigerant is placed in thermal contact with the cold
reservoir (or heat load). Heat migrates from the cold reservoir to the refrigerant causing the
cold reservoir to cool down to Tc. The electrocaloric refrigerant absorbs heat from the cold
reservoir as Qc = Tc∆Sc with ∆Sc = S1 − S4 [10].
The Carnot cycle depicted in Fig. 1.7 is the most commonly studied and reported
refrigeration cycle for electrocaloric refrigeration, other thermodynamic cycles have also been
considered including the Brayton [11], Ericsson [10,12,13], Stirling cycles [10,14,15]. Another
quantity of interest in electrocalorics research is the refrigerant capacity
RC =
∫ Th
Tc
∆SdT ≈ −∆Sm × FWHM (1.11)
where the integral is the area under the δS pT q curve and FWHM is the full width at half
maximum of the ∆S pT q curve. A similar quantity is the relative cooling power defined as
RCP = ∆Tmax × δTFWHM where ∆Tmax is the maximum electrocaloric change in tempera-
ture and δTFWHM is the full width at half maximum of the ∆T pT q curve. These quantities
are used to benchmark caloric materials in a reversible cycle to serve as a basis of comparison.
It is a way to quantitatively measure which materials would perform best in caloric cooling
devices. The coefficient of performance of the ideal Carnot cycle shown above is given as
COPCR =
Tc
Th−Tc while the efficiency of a refrigerator relative to the ideal Carnot cycle is
η =
1
1 + ThSgen
∆ScpTh−Tcq
(1.12)
where Sgen = ∆Sh −∆Sc is the entropy from irreversible processes. Equation 1.12 predicts
that in the limit that Sgen → 0 or the product ∆Sc pTh − Tcq→∞, the efficiency of the real
refrigeration cycle equals that of the ideal Carnot cycle. This means that efficiency can be
achieved by minimizing the entropy due to irreversible processes and maximizing the change
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in temperature times the change in configurational entropy.
1.3.2 Indirect Method for Estimating ∆TECE
Given that the electrocaloric effect originates from an isothermal entropy change in the ma-
terial, by appealing to equations from classical thermodynamics and electrodynamics, an
equation which characterizes the electrocaloric effect in dielectric materials can be found.
Beginning with the Gibbs free energy and by incorporating the Maxwell relations, an ex-
pression can be derived for the change in temperature as a function of the change in the
polarization [10,16].
In most experimental environments, the temperature, stress, and electric field are the
independent variables making the Gibbs free energy the quantity of interest. The Gibbs free
energy is written as follows
G = U −Xijxij − EiDi − TS (1.13)
whereXij are the components of the stress tensor, xij is the corresponding strain components,
Ei the electric field components, and Di are the components of the electric displacement field.
The subscripts i and j denote the fact that Ei and di are vectors while Xij and xij are 2nd
rank tensors. In differential form we have
dG = −xijdXij −DidEi − SdT (1.14)
for infinitesimal changes in Xij, Ei, and T . If we consider the solid to be isolated from its
environment, the derivative of the Gibbs free energy yields
ˆ
∂G
∂Xij
˙
E,T
= −xij ,
ˆ
∂G
∂Ei
˙
X,T
= −Di ,
ˆ
∂G
∂T
˙
E,X
= −S (1.15)
The equations represent the principal effects, elasticity, dielectric permittivity, and heat
capacity respectively [10]. The Maxwell relations are obtained by taking further derivatives
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of the principle effects equations giving mixed partial derivatives :
−
ˆ
∂2G
∂Xij∂Ek
˙
T
=
ˆ
∂xij
∂Ek
˙
X,T
=
ˆ
∂Dk
∂Xij
˙
E,T
= dijk (1.16)
−
ˆ
∂2G
∂Xij∂T
˙
E
=
ˆ
∂xij
∂T
˙
X,E
=
ˆ
∂S
∂Xij
˙
E,T
= αij (1.17)
−
ˆ
∂2G
∂Ei∂T
˙
X
=
ˆ
∂Di
∂T
˙
X,E
=
ˆ
∂S
∂Ei
˙
X,T
= pi (1.18)
Equation 1.18 states that
ˆ
∂Di
∂T
˙
σ,E
=
ˆ
∂S
∂Ei
˙
σ,T
(1.19)
thus
∆S =
∫ E2
E1
ˆ
∂Di
∂T
˙
X,E
dEj (1.20)
where E0 and E0 + ∆E are the initial and final electric fields. Equation 1.20 is the adia-
batic change in entropy under an applied electric field. To derive the adiabatic change in
temperature, we begin with the full differential of the entropy as a function of temperature
and electric field
dS =
ˆ
∂S
∂T
˙
E
dT +
ˆ
∂S
∂E
˙
T
dE. (1.21)
Under adiabatic conditions the change in entropy is zero (dS = 0), thus Eq. 1.21 becomes
−
ˆ
∂S
∂T
˙
E
dT =
ˆ
∂S
∂E
˙
T
dE. (1.22)
The definition of heat capacity at constant electric field is
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CE = T
ˆ
∂S
∂T
˙
E
(1.23)
which substituted into Eq. 1.22 for
`
∂S
∂T
˘
E
gives
− CE
T
dT =
ˆ
∂S
∂E
˙
T
dE (1.24)
for the adiabatic change in temperature where the negative sign indicates that for a positive
change in Ei the temperature change resulting from the negative slope of
`
∂Di
∂T
˘
X,E
is positive.
Finally, we substitute Eq. 1.19 into Eq. 1.24 to arrive at
dT
dEi
= − T
CE
ˆ
∂Di
∂T
˙
X,E
(1.25)
Equation 1.25 is a first order differential equation with a solution T pEq satisfying the
initial condition T pE0q = T0 [16]. The heat capacity is, in principle slightly dependent
on the electric field and strongly dependent on the temperature. Equation 1.25 cannot be
solved analytically, though a convenient way to approximate the electrocaloric change in
temperature is through the expression
∆T = −
∫ E0+∆E
E0
T
CE
ˆ
∂Di
∂T
˙
X,E
dEj (1.26)
where the temperature dependence of the heat capacity is ignored since it is approximately
constant over the small temperature changes considered. Strictly speaking, this is not math-
ematically correct since it treats the temperature variable T as a constant over the interval
E0 → E0 + ∆E while calculating the change in temperature. Further simplifications can be
introduced by using equations from classical electrostatics relating the displacement field to
the electric field and the electric susceptibility. Recognizing that for ferroelectric materials
the susceptibility, χe, is much greater than 1, we can approximate the displacement field as
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D = 0E+P0 + ε0χeE = P0 + 0 p1 + χeqE χe  1 ⇒ D ≈ P0 + 0χeE = P (1.27)
in the linear approximation where P0 is the spontaneous polarization. Equation (1.26) can
then be written as follows
∆T = − T
CE
∫ E0+∆E
E0
ˆ
∂Pi
∂T
˙
X,E
dEi (1.28)
where we have removed T from the integral under the assumption that the change in tem-
perature is small.
This equation is in practice easier to use since the polarization as a function of T is
typically available from either experimental or computational data. Equation 1.28 can be
integrated numerically using data for P pT q where the numerical integration should be done
using a dense grid of points to ensure the highest degree of possible accuracy. The P pT q
curves calculated at different E are fitted with a polynomial of arbitrary order.
1.3.3 Direct Method for Obtaining ∆TECE
The most common experimental technique for directly measuring the adiabatic change in
temperature in a material is differential scanning calorimetry, or DSC [10]. This method is
relatively sensitive for detecting enthalpy changes on the order of 0.01 J/g and is able to
operate on relatively small samples ∼ 10 mg. The method works by imposing a constant
heat flow dHr
dt
on the reference sample resulting in a linear temperature ramp. A feed-back
loop forces the sample temperature to follow the reference temperature which changes the
sample power input dHs
dt
. The differential power, the measured quantity, dH
dt
= dHs
dt
− dHr
dt
is integrated as
∫
dH
dT
dt, providing the enthalpy related to the thermal process taking place
in the sample. From the measured heat flow, the electrocaloric entropy or electrocaloric
temperature change can be calculated [10].
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Greater accuracy and precision can be achieved using the modified high-resolution calorime-
try technique which provides very precise control of the thermal shield, resulting in near adi-
abatic conditions, and high-resolution measurements of the sample temperature [10]. This
method instead of attempting to control the heat flow applies an electric field at constant
temperature (an applied electric field under adiabatic conditions consistent with the defini-
tion of the electrocaloric effect). The electrocaloric heat can then be obtained by integrating
the equation Q =
∫ E
0
`
dQ
dE′
˘
dE ′. The entropy change can then be determined by ∆S = Q
T
.
To obtain Q pT q, multiple measurements can be performed at different measurement tem-
peratures from heating to cooling. The electrocaloric change in temperature is related to
the changes in entropy as ∆T = T∆S
Cp0q where C p0q is a constant zero-field and temperature
independent heat capacity [17].
1.3.4 Applications of Bulk Ferroelectrics/Antiferroelectrics
The number of publications concerning ferroelectrics and related materials has risen drasti-
cally over the last 50 years, mostly owing to the diversity of technological applications for
which ferroelectrics are essential. Studies of antiferroelectrics is gaining attention given that
antiferroelectrics possess many properties which are attractive for the design of technological
devices. The device applications which ferroelectrics and antiferroelectrics are currently or
could potentially be used for include piezoelectric actuators and sensors, pyroelectric infrared
imaging devices, and energy converters, solid-state refrigerators, ferroelectric random access
memory (FRAM), nanoscale terahertz sensors and image resolution, and high permittivity
dielectric capacitors. The following is a brief introduction to the theoretical concepts and
design behind some of these technologies.
Antiferroelectrics have a small to non-existent remnant polarization and large saturation
polarization meaning that the energy storage capability is large in these materials with
relatively small dielectric losses coming from their characteristic double hysteresis loops.
The energy storage densities seen in antiferroelectric materials are around 50 - 60 J/cm3
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compared to values for materials like Pt-buffered silicon of 7 - 8 J/cm3 [18]. It is the
electric field induced transition from the antiferroelectric to ferroelectric state which makes
antiferroelectric materials excellent prospects for energy storage applications such as charge
capacitors. Could the use of antiferroelectric nanowires further enhance the energy storage
capabilities for use in capacitors or possibly increase the tunability of such devices allowing
them to operate in a wider range of temperatures?
Ferroelectrics can also be utilized for energy conversion applications including the con-
version of thermal energy to electrical energy via the pyroelectric effect [19,20] and also the
conversion of solar energy to electricity in ferroelectric based solar cells [21]. In a recent
article published by Science Daily [22] based on a Nature Photonics article by Jonathan E.
Spanier of Drexel University [23], the depolarizing field present in ferroelectric nanostruc-
tures promotes impact ionization and carrier multiplication, increasing the efficiency of the
solar cells. This application of ferroelectric materials to inorganic solar cell research could
help create more efficient energy conversion mechanisms allowing for cheaper clean energy
in the future. Currently, one of the major drawbacks of solar power is its lack of efficiency; a
problem that nanoscaling of photoelectronic devices could potentially remedy especially since
the depolarizing field is largely enhanced and highly tunable in ferroelectric nanostructures.
The characteristic frequency of the soft mode for ferroelectric materials is typically ∼ 1 -
6 terahertz (THz) which falls between microwaves and infrared light on the electromagnetic
spectrum. This makes ferroelectric materials perfect for the design of THz sensing and
imaging applications as they are highly responsive to light of this frequency, though other
materials are also used for these purposes. These applications are useful for a number of
tasks including : THz ray spectroscopy, tomography, image rendering, bioaffinity sensing,
as well as detecting “hidden objects” such as explosive devices and illegal drugs through
layers of plastic and cloth [24–27]. Terahertz imaging devices essentially work the same way
optical imaging devices work except that the THz rays propagate through many materials
while being strongly absorbed by others. A THz source produces the rays which end up
24
at the THz detector with the object to be imaged between the two. The THz detector
then reproduces a false color visible light image of the object. In other situations the THz
detector is used as a spectrograph with different chemical compounds being identified by
their unique cross-section vs. frequency signature. The use of ferroelectric nanostructures
such as nanowires and nanotubes could revolutionize the field of THz frequency sensing and
imaging by allowing devices to become smaller, even down to the micro and nanoscales.
Ferroelectric materials are currently being used in the design of computer memory called
FRAM standing for ferroelectric random access memory and products are commercially
available [28, 29] as shown in Fig. 1.8. Ferroelectric RAM works by using an electric field
to polarize a sample of ferroelectric material, typically PZT, to store a bit of information
depending on the direction of polarization. The information can later be read out by measur-
ing the current output associated with the reorientation of the dipoles, a destructive process
requiring the data to be re-written after reading. Figure 1.8 also shows a schematic diagram
of the structure of a FRAM memory cell. The advantages of FRAM over conventional RAM
are its low power usage, faster write performance, exceedingly long data retention times
∼ 10 years at 85◦C, and greater read/write endurance ∼ 1010 - 1014 cycles [30, 31]. Much
of the current focus in the area of ferroelectric RAM is in developing ways of miniaturizing
memory chips to improve the memory density while maintaining all of the advantages over
conventional RAM previously mentioned [32–35].
The pyroelectric effect is the coupling of temperature to the polarization in a material.
This means it will generate an electrical signal as the temperature of the material is changed
[38]. There are two types of pyroelectric devices which are characterized by whether or not
the operating temperature coincides with the Curie temperature. Conventional pyroelectrics
are poled materials and operate in a temperature range below the Curie temperature away
from the phase transition. The other type are called the phase-switching pyroelectrics which
2Figure 1.8(a). 1T FeRAM cell structure. Cyferz at English Wikipedia, 2007, via en.wikipedia. Used
under Creative Commons Attribution-Share Alike 3.0 Unported license.
3Figure 1.8(b) has been reproduced with permission from Cypress Semiconductor.
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Figure 1.8: (a) Schematic diagram of the ferroelectric RAM cell structure [36]. (b) Image of
a FRAM chip commercially available through Ramtron International Corporation [37].
operate near the transition temperature using a bias field to stabilize the pyroelectric effect
[39]. The electrical response in a pyroelectric is proportional to the rate of change of the
polarization with respect to the temperature and pyroelectric devices can detect radiation
from soft x-ray to far i frar d though the detectable frequency can be controlled with an
optical filter [40]. The pyroelectric effect can be used in fire alarms, gas analyzers, intrusion
detectors, differential detectors, microwave and x-ray detectors, biomedical imaging, and
thermal imaging devices [40]. Figure 1.9 shows an example of a false color rendering taken
using an infrared imaging device. The figure also shows a schematic diagram of an infrared
sensor built using a pyroelectric chip to detect changes in current produced by the materials
change in polarization due to variations in temperature.
For roughly a century vapor compression techniques have been the dominant means of
refrigeration and engineering air conditioning systems. Though these methods are reliable
and inexpensive, they are extremely inefficient and harmful to the environment and pos-
sibly to individuals. Devices which utilize the electrocaloric effect offer a very promising
and economical alternative to vapor compression cooling. Other cooling methods have been
proposed and developed, namely those relying on thermoelectric and magnetocaloric effects.
4Figure 1.9(a). Cold nose, warm touch - Thermography of Cat. yellowcloud from Germany, 2011,
(flicker). This file is licensed under the Creative Commons Attribution 2.0 Generic license.
5Figure 1.9(b). Pyroelectric detectors from InfraTec. InfraTec GmbH (www.infratec.de), 2011. This file
is licensed under the Creative Commons Attribution-Share Alike 4.0 International license.
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(a) (b)
Figure 1.9: (a) IR image of a cat taken using a pyroelectric sensor [41]. (b) Examples of
pyroelectric sensor devices [42].
However these methods have a number of drawbacks. Thermoelectric devices are very ineffi-
cient requiring large amounts of input energy for little cooling power. Magnetocaloric coolers
require large magnetic fields to operate and consequently, large and bulky magnets [10]. This
makes the prospect of miniaturization much more difficult to realize. Electrocaloric coolers
display high efficiency similar to that found in magnetocaloric coolers, but offer additional
benefits as solid-state-cooling devices, such as, compact size, less weight, and easy device
integration [10]. The electrocaloric effect was, for a long time, thought to be too small to
be of any practical importance. However, due to the discovery of the giant electrocaloric
effect of ∼ 12 K in PbZr0.95Ti0.05O3 thin films close to the antiferroelectric-paraelectric phase
transition at 225◦C, the field has received a renewed interest and electrocaloric materials are
now seen as the key to future solid-state-cooling devices [43]. A Physics Today Online arti-
cle stated that “Such materials (ferroelectrics) thus hold promise for compact, small-scale,
solid-state refrigeration” [44].
Though ECE solid-state refrigeration has not yet reached the production stage, the con-
cept of a solid-state refrigerator which utilizes the electrocaloric effect has been tested in the
laboratory environment providing proof of principle [11]. One such experiment was done by
designing a working electrocaloric solid-state refrigerator which implemented and character-
ized the electrocaloric Brayton cycle using doped BaTiO3 ferroelectric layers in a multilayer
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capacitor as the cooling element [11]. The capacitor is mechanically actuated allowing it to
move between a heat source and a heat sink making thermal contact with each sequentially.
The application of a bias electric field is synchronized with the mechanical motions creating
a complete and controlled thermodynamic cycle. A schematic representation of this device
is shown in Fig. 1.10 along with the temperature as a function of time profile for a cycle
using a 300 kV/cm electric field. The total change in temperature is moderate, roughly
0.8◦C from peak to trough and the period of the temperature change is about 150 sec-
onds. This experiment proves that the electrocaloric effect can indeed be used in the design
of solid-state refrigerators which will help eliminate the need for inefficient and hazardous
vapor-compression refrigerators in the future.
(a)
(b)
Figure 1.10: (a) Experimental setup used to demonstrate the electrocaloric Brayton cooling
cycle in doped BaTiO3 ferroelectric layers in a multilayer capacitor. (b) Temporal tempera-
ture profile upon application and removal of a bias field of magnitude 300 kV/cm [11].
1.4 Nanowire Fabrication & Characterization Techniques
Various experimental techniques have been developed to synthesize 1-D nanostructures with
different compositions, morphologies, and device applications. This section provides a brief
summary of the methods used to create perovskite nanowires and nanotubes as well as
6Figure 1.10 has been previously published in Y. Jia and Y. Sungtaek Ju, “A solid-state refrigerator based
on the electrocaloric effect,” Applied Physics Letters, vol. 100, p. 242901, 2012., and has been reproduced
with permission from Applied Physics Letters
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characterization techniques. One of the more commonly employed ways to synthesize 1-D
nanostructures in a laboratory is hydrothermal synthesis. This involves the crystallization
of various chemical substances, chemical precursors, by annealing from high temperature an
aqueous solution at relatively high vapor pressures. As the mixture is slowly cooled, the water
evaporates and the chemicals react to form the desired crystal structure. This method has
been used extensively to synthesize perovskite 1-D nanostructures [45,46]. The hydrothermal
method was also recently used to synthesize individual PbTiO3 nanowires with diameters in
the range 40 - 500 nm and lengths of ∼ 400 µm [47]. These nanowires were found to exhibit a
tetragonal structure with cell parameters a = b = 3.905 A˚ and c = 4.156 A˚ giving a c/a ratio
of 1.064. Another commonly synthesized ferroelectric nanowire is Pb(Zr1−x Tix)O3 (PZT)
with different compositions of Zirconium and Titanium. This was done recently by Wang
et. al. using the hydrothermal growth mechanism producing nanowires with a stoichiometry
of roughly Pb(Zr0.17 Ti0.83)O3 with a monocrystalline tetragonal structure having their [001]
direction along the axial direction of the nanowires. The polarization vector was along the
axial direction of the nanowires as indicated from TEM-SAED analysis and the nanowires
had average diameters of ∼ 50 to several hundred nanometers [45].
Another technique often used to grow nanocrystals and nanowires, especially using tita-
nium oxide, is the sol-gel method. In this process, inorganic molecules particularly monomers,
are mixed in a colloidal suspension (sol) which is subsequently evolved into a continuous liq-
uid phase through the process of gelation (gel). This method was used to synthesize PbTiO3,
Pb(Zr1−xTix)O3, and BaTiO3nanowires [48, 49]. Nanowires can also be grown parallel to a
substrate surface as rows of nanowires. This was done using the sol-gel method using a
microwave oven to anneal the BaTiO3 nanowires for 2.5 - 5.0 minutes [49]. The lengths of
the nanowires depends on how long they are annealed and ranged from 100 nm to 900 nm.
Such nanowire arrays could be used for high density computer memory applications where
sections of the nanowires could store bits of information.
The sol-gel and hydrothermal methods can also be combined as was done recently to
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create KxNa1−xNbO3 (KNN) nanowires with average diameter and length of 150 nm and
4 µm respectively [50]. These nanowires have various concentrations of potassium and nio-
bium at the A site; the average concentration was determined from XRF results to be
K0.52Na0.48NbO3. While KNbO3 is a ferroelectric, NaNbO3 is an antiferroelectric material
so the nanowires are expected to have interesting properties. The chemical precursor used
in the sol-gel/hydrothermal method was K1−xNaxNbO3 which was heated to 190◦C for 12
hours. Figure 1.11(a) shows an SEM image of the free-standing KNbO3 nanowires. Raman
spectroscopy done at room temperature confirms the nanowires to be in the KNbO3 or-
thorhombic phase. Figure 1.11(b) shows the dielectric constant as a function of temperature
for the K0.52Na0.48NbO3 nanowires heated to 220
◦C for 12 hours. The dielectric response
peaks at 555◦C to a value of about 825 in dimensionless units.
(a) (b)
Figure 1.11: (a) SEM image of KNbO3 nanowires in the orthorhombic phase grown through
the sol-gel/hydrothermal method. (b) Dielectric constant of KNbO3 nanowire powder vs.
temperature where the frequencies of the applied electric fields are 1 kHz (solid line) and 10
kHz (dashed line) [50].
Ferroelectric nanowires have also been created not as free standing nanowires but as
nanowire arrays grown on a substrate [51–54]. In one such study, PbTiO3 nanowire arrays
were synthesized combining a liquid phase deposition method with alumina templates [52].
The liquid phase deposition method causes metal oxides to form through hydrolysis on a
7Figure 1.11 has been previously published in C. Fu, W. Cai, L. Zhou, H. Chen, and Z. Liu, “Synthesis
of self-assembly BaTiO3 nanowire by sol-gel and microwave method,” Applied Surface Science, vol. 255, p.
9444, 2009, and has been reproduced with permission from Elsevier Publishing
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substrate which is immersed in an aqueous solution of the reactants. The result is an array
of highly crystalline and highly ordered nanowires which are homogeneous in diameter and
length. The template is used to order the nanowires and arrange them as an array but is later
removed chemically. These nanowires were characterized using X-ray diffraction (XRD), and
selected area electron diffraction (SAED) via transmission electron microscopy (TEM).
Another process used to form ferroelectric/antiferroelectric nanostructures is pulsed laser
deposition, or PLD. This method was employed to create PbZrO3 nanotubes using an alu-
minium oxide template to force the deposited atoms to conform to the correct morphology.
A disk shaped target made of an alloy of ZrO2 and PbO was created by sintering at 1200
◦C
for 8 hours. In an environment of free oxygen atoms, a high powered laser beam was used to
evaporate the material from the target creating a plume of atoms which were then deposited
onto the surface of the template. The resulting PbZrO3 nanotubes had an orthorhombic
crystal structure with average diameters of around 185 - 235 nm [55].
Ferroelectric nanowires are commercially available through companies which produce
relatively large quantities of highly pure samples through the methods previously described.
Figure 1.12 (a) and (b) show examples of PbTiO3 and Pb(TixZr1−x)O3 nanowires sold by the
gram to anyone wanting to use them for experiment or industrial purposes. The technological
applications of ferroelectric and antiferroelectric nanowires will be discussed in section 1.5.
(a) (b)
Figure 1.12: (a) Scanning Electron Microscopy images of commercially available PbTiO3 [56]
and (b) Pb(TixZr1−x)O3 nanowires [57].
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1.5 Current/Future Applications of Ferroelectric & Antiferroelec-
tric Nanowires
Very recently, owing to advancements in experimental growth and characterization tech-
niques [50,55,58–60] as well as in computing power and computational algorithms [61], and
pursuit of device miniaturization [15,33,62–64], ferroelectric/antiferroelectric nanostructures
are receiving increased attention [55, 65–69]. These ferroelectric nanostructures have prop-
erties not seen in their bulk counterparts. Particularly, ferroelectric nanowires develop a
spontaneous polarization at the nanoscale [63, 70–73] mainly due to the influence of electri-
cal boundary conditions [71] which do not affect bulk materials with a large bulk to surface
ratio. The polarization can be manipulated through coupling to temperature (pyroelectric-
ity) [19,74] , external stress inducing a strain (piezoelectricity) [58,73,75] as well as through
the application of an external electric field [13,39,76]. Nanowires also allow for device minia-
turization [63,67,70–72,74,77–79] and exhibit exotic dipole patterns [67,70,71,78] not found
in bulk. Ferroelectric and antiferroelectric nanowires could be used in the technological
devices listed in section 1.3.4 and could possibly improve the functionality, efficiency, or op-
erating range (temperature, frequency, ect.) of these devices. Additionally, some potential
nanoscale applications rely on the smaller size and/or unique characteristics of ferroelec-
tric/antiferroeletric nanowires in order to operate. Examples of these include nanoscale
electrical power generators and energy converters, ultra-high density computer memory, and
logical computing elements to replace silicon-based microprocessors.
Figure 1.13 depicts the temperature as a function of the change in entropy for both 1st
order and 2nd order phase transitions. This illustrates the essential difference between 1st
8Figure 1.12(a) has been previously published in Tomoaki Yamada, Jin Wang, Osami Sakata, Cosmin S.
Sandu, Zhanbing He, Takafumi Kamo, Shintaro Yasui, Nava Setter, Hiroshi Funakubo, “Synchrotron X-ray
diffraction study on a single nanowire of PX-phase lead titanate,” Journal of the European Ceramic Society,
vol. 30, p. 3259, 2010, and has been reproduced with permission from Elsevier Publishing
9Figure 1.12(b) has been previously published in Alexander Kvasov, Leo J. McGilly, Jin Wang, Zhiyong
Shi, Cosmin S. Sandu, Tomas Sluka, Alexander K. Tagantsev, Nava Setter, “Piezoelectric enhancement
under negative pressure,” Nature Communications, vol. 7, p. 12136, 2016, and has been reproduced with
permission from Nature Publishing
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and 2nd order phase transitions as they relate to solid-state refrigeration design. The abrupt
structural change associated with the 1st order phase transition (right-hand plot) causes a
large change in the entropy at the Curie temperature resulting in a large electrocaloric change
in temperature. In a 2nd order phase transition (left-hand plot) the change in entropy
is smaller resulting in a weaker electrocaloric response, however the change in entropy is
not abrupt but smooth and continuous. So for a 2nd order phase transition while the
total entropy change is smaller, the effect takes place over a larger range of temperatures
as evidenced by the larger distance between TC − ∆T and TC + ∆T as compared to the
1st order transition where the range is smaller. There is essentially a trade-off between
the operational temperature range and the maximum electrocaloric response depending on
whether the phase transition is more 1st order or more 2nd order. For bulk ferroelectrics,
the transition is typically 1st order and little can be done to change this behavior. For
ferroelectric nanowires, the order of the phase transition depends on the diameter of the
nanowire with TC being decreased for thinner nanowires [63]. This allows for increased tuning
capabilities in solid-state refrigeration devices where the operational temperature range can
be different depending on the desired application. Nanowires of different diameters could
also be combined into a single device to provide both a wide operational temperature range
as well as a strong electrocaloric response.
Figure 1.13: Schematic presentation of T p∆Sq diagram for the electrocaloric material with
the second order ferroelectric → paraelectric phase transition (left) and first order
ferroelectric → paraelectric phase transition (right) [80].
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Another potential technological application for which ferroelectric nanowires could prove
useful is for nanoscale sensing and energy harvesting. Figure 1.14 gives an example of one
such device designed using a dense array of BaTiO3 nanowires. The figure shows a schematic
diagram depicting the design of the device as well as the basic operating principle behind
its function. After fabricating the accelerometer device, the nanowires were poled using a
dc field of ∼ 75 kV/cm across the two electrodes for 12 hours. This aligns the dipoles in the
material along the direction of the electric field, the axial direction of the nanowires. The
acceleration is then determined by mounting the sensor to a vibrating surface and measuring
the induced piezoelectric potential resulting from the dynamic stress created by the inertia
of the solder on the nanowires top surface. The applied stress must be dynamic in order
for the device to maintain a piezoelectric voltage; if the stress is constant or zero then the
voltage will vanish. The piezoelectric voltage also depends on the direction, amplitude, and
frequency of the stress yielding the dynamic characteristics of the system. This coupled
with the small size of the apparatus makes piezoelectric sensors of this sort ideal for use in
nano-electromechanical systems as nanosensors and power harvesting devices [51].
(a) (b) (c)
Figure 1.14: Scanning Electron Microscopy cross-sectional image of BaTiO3 nanowires (a).
Schematic diagram of sensor device using BaTiO3 nanowire arrays (b). Schematic of piezo-
electric voltage generation from nanowires (c). Polarization direction (P) represents the
alignment direction of the dipoles. Application of dynamic stress (σ(t)) on nanowire arrays
produces voltage (V(t)) generation. [51].
10Figure 1.13 has been previously published in M. Ozˇbolt, A. Kitanovski, J. Tusˇek, and A. Poredosˇ,
“Electrocaloric refrigeration: Thermodynamics, state of the art and future perspectives,” International
Journal of Refrigeration, vol. 40, p. 174, 2014., and has been reproduced with permission from Elsevier
Publishing
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Figure 1.15 shows a schematic diagram of the experimental setup used to study the
polarization reversal of a single BaTiO3 nanowire synthesized through solution-phase de-
composition of barium titanium isopropoxide [77]. The study reveals a possible avenue
for utilizing individual ferroelectric nanowires for memory storage applications which could
greatly improve the storage density. In the experiment, an SEM tip is used to manipulate
the polarization domains in the ∼ 12 nm diameter nanowire by applying a voltage per-
pendicular to the axial direction. The length of the segment over which a given domain
occupies is ∼ 30 nm and the polarization was still present after 5 days in a high vacuum
environment illustrating that the bit of information are non-volatile in nature. Images of the
polarization manipulation can also be seen in Fig. 1.15 showing how the polarization direc-
tion is switched using the SEM tip. Ferroelectric nanowires have the potential to be used in
integrated circuits for performing calculations [81,82] including a patent filed in 2000 [83].
(A)
Figure 1.15: (A) Schematic diagram showing how an SEM tip is used to apply a voltage and
control the polarization in a BaTiO3 nanowire. (a) Three-dimensional topographic image
of a 12 nm diameter BaTiO3 nanowire. (b)-(f) Successive three-dimensional EFM images
showing that four distinct polarization domains can be independently manipulated by an
external electric field. In these EFM images, the bright and dark colors correspond to a
resonance frequency shift of +10 Hz and -10 Hz, respectively, and the white arrows indicate
the polarization directions. The upward and downward polarization spots were written with
Vtip -10 V and Vtip +10 V, respectively. The distance between the tip and the top surface
of the nanowire was 10 nm during the writing procedure and 35 nm during the reading
procedure [63].
11Figure 1.14 has been previously published in A. Koka and H. A. Sodano, “High-sensitivity accelerometer
composed of ultra-long vertically aligned barium titanate nanowire arrays,” Nature Communications, vol. 4,
p. 2682, 2013., and has been reproduced with permission from Nature Publishing
12Figure 1.15 has been previously published in J. E. Spanier, A. M. Kolpak, J. J. Urban, I. Grinberg, L.
Ouyang, W. S. Yun, A. M. Rappe, and H. Park, “Ferroelectric phase transition in individual single-crystalline
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As the applications scale down, the question arises whether or not we can take these
applications to the nanoscale, potentially even finding new applications at the nanoscale! The
most efficient way to address the question is to begin with an understanding of fundamental
properties at the nanoscale. Ferroelectric nanostructures have been successfully synthesized
[47, 52,84–87] and are commercially available [88, 89]. Among the different ferroelectric and
antiferroelectric nanostructures, nanowires appear as promising candidates since they can
be synthesized in a variety of ways [50,55,90], could be grown in the form of arrays [52,91],
and could potentially be used to improve existing technological devices or allow for the
creation of technology which requires the unique properties of nanowires in order to function
[32,46,62,92]. However, while very promising from a technological point of view, achieving a
fundamental understanding of such nanowires is a rather challenging task given the limitation
of experimental tools. Therefore, the goal of this study is to develop and use accurate
computational methods in order to advance our fundamental understanding of ferroelectric
and antiferroelectric nanowires and predict novel potential applications. Specifically we aim :
Objective 1: To develop and use computational tools that allow first-principles-based
modeling of electric-field-induced phenomena in ferroelectric/antiferroelectric nanowires.
Objective 2: To explore the fundamental and applied aspects of ultra fast dynamics in
ferroelectric/antiferroelectric nanowires induced by tailored electric fields.
Objective 3: To establish an understanding of the intrinsic features of the electrocaloric
effect in ferroelectric/antiferroelectric nanowires and possible ways to enhance this effect.
BaTiO3 nanowires,” Nano Letters, vol. 6, p. 735, 2006., and has been reproduced with permission from the
American Chemical Society
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2 Methodology
Computational methods can be broken up into two main categories : classical and quantum
mechanical approaches; the essential difference being whether the algorithm uses classical
or quantum mechanical laws. Another way of looking at the difference is that classical
methods do not explicitly take into account the electronic contribution to the energy, they
ignore the internal structure of the particles involved in the interactions, while quantum
mechanical methods treat the system as a collection of interacting electrons and nuclei.
Density functional theory is a quantum mechanical approach as it attempts to solve an
approximation of the time independent Scro¨dinger equation for many-body systems. The
effective Hamiltonian Monte Carlo and Molecular Dynamics methods used in the present
work are classical approaches as they are derived from classical theories of Newtonian and
statistical mechanics.
2.1 Density Functional Theory
First principle calculations have, in recent years, become a valuable tool for determining the
ground state (0 Kelvin) properties of ferroelectric materials. These methods find approximate
solutions to the Schro¨dinger equation, requiring no empirical input. Plane wave density
functional theory (DFT) is a particular first-principles method capable of describing the
properties of a well-defined collection of atoms in their ground state using a plane wave basis
set. Using DFT, one can answer the question of how the energy of a material changes as the
positions of the atoms are altered. We use plane wave density functional theory to perform
0 Kelvin ground state structure calculations.
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2.1.1 Basics of DFT Methods
Density functional theory attempts a numerical solution to an approximation of the time-
independent Scro¨dinger equation by solving what are known as the Kohn-Sham equations.
For a typical collection of atoms or molecules, the electrons are much lighter than the nuclei
to which they are bound and respond much faster to an external stimulus than do the
nuclei. This allows for the use of the Oppenheimer Approximation; interactions involving
the electrons and interactions involving the nuclei can be considered separate mathematically.
For materials in which many particles (electrons and nuclei) interact with each other, the
time-independent Scro¨dinger equation is written as a summation over all particles considered
to become
„
− h¯
2m
N∑
i=1
∇2i +
N∑
i=1
V priq +
N∑
i=1
∑
j<i
U pri, rjq

ψ = Eψ (2.1)
where m is the mass of the electron and ψ is the electronic wave function that is a function of
the spatial coordinates of the N electrons, ψ = ψ pr1, · · · , rNq. The three terms in brackets
which make up the Hamiltonian operator are in order, the kinetic energy of each electron,
the interaction energy between each electron and the collection of atomic nuclei, and the
interaction energy between the different electrons. [93,94]
The second approximation necessary to solve the Scro¨dinger is to express the electronic
wave function as the product of single electron wave functions with the following equation
ψ pr1, · · · , rNq ≈
N∏
i=1
ψi prq = ψ1 prqψ2 prq , · · · , ψN prq (2.2)
which is known as the Hartree product which assumes that the electrons are non-interacting.
The motivation for this approximation is that the total number of electrons N is much larger
than the number of nuclei M since each atom contains many electrons for every nucleus. For
systems of practical interest, ∼ 5 to several hundred atoms, the full wave functions would
have 3 times the number of atoms dimensions which would render the problem intractable.
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The third term in brackets in equation 2.1, the electron-electron interaction term, prevents
an exact analytical solution. [93,94]
The solution proposed by Hohenberg and Kohn was to consider the ground state electron
density n prq rather than the probability ψ∗ pr1, · · · , rNqψ pr1, · · · , rNq of measuring the N
electrons with the set of coordinates r1, · · · , rN . Their first theorem specifically states: The
ground-state energy from Scro¨dinger’s equation is a unique functional of the electron density
given by
n prq = 2
∑
i
ψ∗i prqψi prq (2.3)
where the summation is over all the discrete electron wave functions which are occupied
by electrons. Their second theorem states: The electron density that minimizes the energy
of the overall functional is the true electron density corresponding to the full solution of
the Scro¨dinger equation. The exact form is not known; progress is made by using approxi-
mate forms in conjunction with the variational principle to numerically solve the Scro¨dinger
equation. [93]
In DFT, the energy E r{ψi}s is the minimum of a functional of the charge density n prq
where we impose the constraint that
∫
n prq dr = N . The energy functional can be written
as follows
(2.4)
E [{ψi}] = − h¯
2
m
∑
i
∫
ψ∗i∇2ψid3r +
∫
V (r)n (r) d3r
+
e2
2
∫ ∫
n (r)n (r′)
|r − r′| d
3rd3r′ + Eion + EXC [{ψi}]
where the terms (from left to right) include the electron kinetic energies, the Coulomb
interactions between the electrons and the atomic nuclei, the Coulomb interactions between
pairs of electrons, the Coulomb interactions between pairs of nuclei, and the exchange-
correlation functional. This final term is defined to include all interactions which are not
accounted for in the four previous terms. This is still however a many-body problem. Kohn
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and Sham showed that to find the correct electron density, one can consider solving a single
set of equations which involve only single electrons. These are referred to as the Kohn-Sham
equations and take the form
„
− h¯
2
2m
∇2 + V prq + VH prq + VXC prq

ψi prq = εiψi prq . (2.5)
The terms include, the kinetic energy of the electron, the interaction between the electron
and the nuclei, the Hartree potential, and the exchange-correlation energy. The Hartree
potential describes the Coulomb repulsion experienced by the electron in one of the Kohn-
Sham equations due to the total electron density from all of the electrons. The solutions to
the Kohn-Sham equations are single-electron wave functions which depend on three spatial
variables.
2.1.2 Density Functional Theory Algorithm
The general algorithm, illustrated by Fig. (2.1), used to solve the Kohn-Sham equations to
find the ground state electron density is as follows:
1. Define some initial trial electron density n prq
2. The Kohn-Sham equations are solved using the trial electron density giving the single-
particle wave functions.
3. The electron density is then calculated using these Kohn-Sham single-particle wave
functions from the previous step with the expression nKS prq = 2∑i ψ∗i prqψi prq.
4. The two electron densities, n prq and nKS prq are compared. If their difference is
within some small, predetermined value, the convergence criterion is satisfied and nKS prq is
the ground state electron density. Otherwise the electron density is updated and the process
is repeated beginning at step 2.
As can be seen from Fig. (2.1), this is an iterative process in which the electron density
is used to calculate the effective potential, which is then used to solve the Kohn-Sham
equations from which we get the new electron density. This solving of the Kohn-Sham
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Figure 2.1: Schematic diagram depicting the density functional theory algorithm.
equations defines an iteration of the self-consistent field (scf) loop in which the electronic
charge distribution is determined for the existing ionic configuration. After each iteration,
the difference in energy compared to the previous iteration is compared to a predetermined
energy convergence criteria. If the value of the energy difference is less than the convergence
criteria, the scf loop is completed and the properties are calculated. It is at this time that
the interatomic forces are calculated and the positions of the ions are updated if necessary.
Solving the Kohn-Sham equations requires the specification of an exchange-correlation
functional EXC r{ψi}s. Though the Hohenberg-Kohn theorem guarantees its existence, the
exact form of this functional is unknown necessitating the use of approximations when defin-
ing the exchange-correlation functional. There is one case in particular for which the Kohn-
Sham equations can be solved for exactly, the uniform electron gas. The exchange-correlation
functional is set as the known exchange-correlation potential for a uniform electron gas at the
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electron density found at that position. This approximation is referred to as the local density
approximation (LDA) since it uses only the electron density in the vicinity of the points con-
sidered [95]. While VXC prq is by definition the exact exchange-correlation functional for the
homogeneous electron gas, it works well to describe highly homogeneous systems and serves
as a good starting point for more complex systems. This is one of the functionals used in our
research, along with another well known class of functionals called the generalized gradient
approximation or GGA. The GGA uses information about the local electron density coupled
with the local gradient in the electron density to solve the Kohn-Sham equations.
The Hellmann-Feynman theorem, in its most general form, relates the derivative of the
total energy of the system E with respect to a parameter λ to the expectation value of
the derivative of the Hamiltonian Hˆ with respect to the same parameter. The equivalent
statement in equation form is
dEλ
dλ
=
∫
ψ∗λ
dHˆλ
dλ
ψλdr
3. (2.6)
If the parameter is taken to be the ionic displacement R and the spatial distribution
of the electrons is known, the interatomic forces can be calculated using electrostatics [96].
These are referred to as the Hellmann-Feynmen forces and are one of the most important
quantities which are calculated in DFT.
Another useful technique to calculate ground state properties is density functional pertur-
bation theory (DFPT) in which the interatomic force constant matrix is calculated explicitly
through knowledge of the ground-state charge density, n prq, as well as of its linear response
to a distortion of the nuclear geometry, ∂nprq
∂R
[97]. This method works to calculate such
properties as the Born effective charge (Z∗), the optical dielectric constant (∞), or the elas-
tic constants (B11, B12, B44) where a perturbation, electric field or strain, is applied to the
system and the relationship between the desired properties and the perturbation are known.
To achieve accurate results, the perturbation must be small.
Calculation of phonon modes is also done using DFPT. The key approximation used in
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this theory is the harmonic approximation. This states that if the perturbations applied to
a system are small such that the system remains close to equilibrium, the energy can be
accurately represented by the lowest order terms in a Taylor series about the equilibrium
position. This allows the derivation of a secular determinant of the form
∣∣∣Dαβ,ij pkq− δαβδij ω2 pkq ∣∣∣ = 0 (2.7)
where Dαβ,ij pkq is the dynamical matrix, related to the interatomic force constants ma-
trix by a factor of the atomic masses, α and β denote atomic coordinates, i and j are atomic
indices, and ω pkq are the phonon frequencies. The solution to this equation yields the nor-
mal modes of the lattice. The perovskite ABO3 unit cell is modeled using a 5 atom unit
cell. This means that the IFC matrix will have dimensions of 15x15 resulting in 15 eigen-
values (phonon modes) in total. Due to degeneracy, there are only 5 distinct eigenvalues
and 5 corresponding eigenvectors. For ferroelectrics, we are only concerned with 2 of these
phonon modes, the lowest energy transverse optical mode and the long-wavelength acous-
tic mode. These correspond to the soft mode and the strain acoustic modes respectively.
How these modes are identified in practice will be discussed in the chapter concerning the
parametrization of KNbO3.
2.2 Effective Hamiltonian Method
Around 1994, a macroscopic computational approach that derived its origin in the soft mode
theory of ferroelectrics was developed and applied to study prototypical ferroelectrics like
BaTiO3 and PbTiO3 [3, 5, 98, 99]. This method is now known as the effective Hamilto-
nian. It has since been extended to include quantitative descriptions of solid solutions like
Pb(TixZr1−x)O3 [100,101] as well as to include antiferrodistortive [61,102] and magnetic [103]
degrees of freedom useful for describing materials like PbZrO3 and BiFeO3 respectively.
In computational physics, it is advantageous to deduce the simplest Hamiltonian possible
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which still encapsulates all relevant features and characteristics of the system being studied.
In this way, the intrinsic properties of the system can be probed and its statistical behavior
studied. From this understanding, experimental deviations from this fundamental behavior
can be interpreted as being due to small deviations of a real-system Hamiltonian. In the
effective Hamiltonian method we first identify the most important degrees of freedom in a
ferroelectric material, and then, based on symmetry arguments, we construct the internal
energy of the system as a function of these degrees of freedom and their interactions. [104]
2.2.1 General Concept & Approximations
For a system in thermodynamic equilibrium, the partition function which can be found from
the total potential energy function, can be used to determine the statistical properties of the
system at finite temperature. From statistical mechanics the partition function is
Z =
1
N !h3N
∫
· · ·
∫
e−βHˆpr,qqdrdq (2.8)
where Hˆ is the Hamiltonian of the N -body system, h is Planck’s constant [105]. The con-
tribution to the partition function, Eq. 2.8, decreases exponentially with increasing energy.
This makes it possible to obtain an accurate partition function while only including in the
summation terms resulting from low energy contributions. For ferroelectric perovskites,
these low energy configurations are due to small ionic displacements from strain deforma-
tions of the crystal structure as compared to the prototypical cubic structure. That is, all
ionic configurations with significant contributions to the partition function will be close to
the cubic structure [3]. This assumption allows for the energy surface to be approximated
by a low-order Taylor series expansion in displacements from the cubic structure.
An exact analytical description of ferroelectricity would require 3 acoustic mode and
12 optical normal-mode coordinates per k-point in reciprocal space. However, experimen-
tally measured and first-principles calculated phonon dispersion curves suggest that only
the lowest energy transverse optical (TO) modes (soft modes) and long wavelength acoustic
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phonons (strain variables) make an appreciable contribution to the phonon density of states
at low energies. The softening, or shifting to lower frequencies, is known to occur during a
ferroelectric phase transition along with the appearance of a strain in the crystal. Our sec-
ond approximation is to assume that the ferroelectric phase transition can be well described
by considering only the soft mode and strain variables in our calculations and the effective
Hamiltonian depends on these variables only. This reduces the degrees of freedom per unit
cell from 15 to 6. [3, 99]
In this methodology, the zone center (k=0) soft mode is described over the entire Brillouin
Zone as a collective motion of local modes. The eigenvector of the soft mode is given by
Ξsoft =
¨˚
˚˚˚˚
˚˚˚˚
˝
ξA
ξB
ξO‖
ξO⊥
ξO⊥
‹˛‹‹‹‹‹‹‹‹‚
(2.9)
where ξA, ξB, ξO‖, and ξO⊥ are the normalized displacements for the A and B ions as
well as the oxygen atoms, located at the cube faces, distinguished in terms of their position
relative to the cube face with O‖ being parallel to the cube face and O⊥ perpendicular. For
perovskite ABO3 ferroelectrics, the local mode is either centered on the A or the B ion. This
is determined by comparing the normalized displacements associated with the A and B ions
in the soft mode. For an A-centered material like PbTiO3, ξA will be larger than ξB and
visa versa for B-centered materials [5]. In the case of an B-centered system, the local mode
is then described as a motion of the central B atom by an amount ξB, the eight neighboring
A atoms by amounts ξA
8
, and the six neighboring O atoms by amounts
ξO‖
2
or ξO⊥
2
along the
jth Cartesian direction. An arbitrary zone-center soft mode is then described as a linear
superposition of these local modes having identical amplitudes in every cell. The local dipole
moment of a given unit cell is proportional to the local mode of that cell and the macroscopic
polarization is proportional to the sum of all the individual local modes in the supercell. This
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is shown in Fig. 2.2 for the case a B-centered local mode, examples of materials having this
local mode centering include barium titanate and lead zirconate titanate. [3, 98,99]
Figure 2.2: The relationship between the macroscopic soft mode and the microscopic local
mode in perovskite ABO3 ferroelectrics [106]. Note that the local mode is centered at the B
ion.
2.2.2 Total Energy Landscape of a Prototypical Ferroelectric
In the framework of the effective Hamiltonian the total energy of a ferroelectric material is
given by [3]
E tot = Eself p{u}q+ Edpl p{u}q+ Eshort p{u}q
+ Eelas p{η}q+ E int p{u}, {η}q
(2.10)
where respectively u and η are the local soft modes and the local strain variables, Eself
is the energy of an isolated local mode, Edpl is the dipole-dipole interaction between local
modes of different unit cells, Eshort is the short-range interaction between local modes, Eelas
is the elastic energy, the coupling energy between the local strain and the local mode is given
by E int. [3, 99]. I will now describe each term of the effective Hamiltonian in detail.
The first term in Eq. (2.10) describes the sum of the self energies of single isolated local
modes at unit cell Ri with amplitude ui relative to the perfect cubic structure and is given
13Figure 2.2 has been previously published in Q. Zhang, Properties of Ferroelectric Perovskite Structures
under Non-equilibrium Conditions Graduate School Theses and Dissertations, January 2011., and has been
reproduced with permission from Dr. Qingteng Zhang
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by
Eself p{u}q =
∑
i
E puiq (2.11)
and is a function of the local mode only. Given that the reference structure is cubic, only
even-order terms are included in the summation which is terminated at 4th order yielding
the expression
E puiq = κ2u2i + αu4i + γ
`
u2ixu
2
iy + u
2
iyu
2
iz + u
2
izu
2
ix
˘
. (2.12)
where ui = |ui| and κ2, α, and γ are expansion parameters which are determined from
first-principles calculations.
The term E puiq contains both harmonic and anharmonic contributions; the anharmonic
terms being necessary since ferroelecricity is intrinsically anharmonic phenomenon. (see fig
1.4 and 1.3 for explanation)
The second term in the total energy expression describes the long-range dipole-dipole
interaction between local modes. Only dipole-dipole interactions are considered since higher
order terms tend to be of short-range and their effect will be quantified in the short-range
interaction term. For a unit cell i, the associated dipole moment of that cell is di = Z
∗ui,
where Z∗ is the Born effective charge for the soft mode and is given by
Z∗ = ξAZ∗A + ξBZ
∗
B + ξO‖Z
∗
O‖ + 2ξO⊥Z
∗
O⊥ (2.13)
where Z∗A, Z
∗
B, Z
∗
O‖, Z
∗
O⊥ are the Born effective charges for the individual ions.
From classical electrostatics, the dipole interaction energy
Edpl p{u}q = Z
∗2
∞
∑
i<j
ui · uj − 3
´
Rˆij · ui
¯´
Rˆij · uj
¯
R3ij
(2.14)
where ∞ is the optical dielectric constant of the material, Rij = |Rij|,Rij = Ri−Rj, and
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Rˆij = Rij/Rij. For systems with periodic boundary conditions, equation 2.14 is not useful
for calculation of the dipole-dipole interaction; we instead use an equation which utilizes
an Ewald construction in its derivation. An Ewald-Kornfeld summation explicitly accounts
for the periodic boundary conditions necessary for simulating ferroelectric bulk in which the
supercell is replicated along all three Cartesian directions. Formulating the dipole-dipole
interaction in this way takes into consideration the wrap-around effect; a dipole existing at
the boundary of the supercell interacts with neighboring dipoles that exist in the replicated
supercells along all directions for which periodic boundary conditions are applied. The
expression used to calculate the dipole-dipole interaction is
Edpl = 2Z
∗2
∞
«
pi
Ωc
∑
G 6=0
1
|G|2 exp
˜
−|G|
2
4λ2
¸∑
ij
pG · uiq pG · ujq cospG ·Rijq−
∑
i
λ3u2i
3
?
pi
ff
(2.15)
where Ωc is the volume of the supercell and G is the reciprocal lattice vector. The sum
in equation 2.15 is terminated such that zone-center (k = 0) modes of the supercell will
represent physical TO(Γ) modes. Also, the decay constant λ is chosen to be small enough
such that the real-space summation can be entirely neglected. The calculation of Edpl is the
most time consuming part of the calculations in the effective Hamiltonian model. To reduce
the computational load, a well justified approximation is implemented. The Rij term in the
denominator of equation 2.14 is in principle strain dependent. However, this dependence can
be ignored since the equations representing the inter-site interactions between local modes
are expanded only up to harmonic order and strain-induced changes of the dipole-dipole
interaction are of greater than 2nd order [3]. To achieve this, all the reciprocal lattice
vectors G and all the atomic position vectors Ri remain fixed throughout the simulation.
The dipole energy terms thus becomes
Edpl =
∑
ij,αβ
Qij,αβui,αuj,β (2.16)
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with
Qij,αβ =
2Z∗2
∞
«
pi
Ωc
∑
G 6=0
1
|G|2 exp
˜
−|G|
2
4λ2
¸
cos pG ·RijqGαGβ − λ
3
3
?
pi
δαβδij
ff
(2.17)
where α and β denote Cartesian coordinates. The matrix Q is a constant and is calculated
initially and stored for later use for calculation of the dipole-dipole interaction. [3]
The short-range interaction term accounts for the short-range interactions between local
modes. This energy term comes from differences of the short-range repulsion and electronic
hybridization between two adjacent local modes and two isolated local modes. Combined
with the dipole-dipole interaction, this determines the soft mode energy away from the zone
center (k = 0). The equation quantifying the short-range interaction is
Eshort p{u}q = 1
2
∑
i 6=j
∑
αβ
Jij,αβuiαujβ (2.18)
where the coupling matrix Jij,αη is a function of Rij and decays quickly with increasing
|Rij|. We consider up to 3rd nearest neighbor since interactions between further neighbors
makes a much smaller contribution to the total energy than does the dipole-dipole energy
and can thus be neglected. The interaction matrix Jij,αβ is greatly simplified due to cubic
symmetry with the interaction parameters calculated from the following expressions
first NN : Jij,αβ =
”
j1 + pj2 − j1q |Rˆij,α|
ı
δαβ, (2.19a)
second NN : Jij,αβ =
”
j4 +
?
2 pj3 − j4q |Rˆij,α|
ı
δαβ + 2j5Rˆij,αRˆij,β p1− δα,βq , (2.19b)
third NN : Jij,αβ = j6δαβ + 3j7Rˆij,αRˆij,β p1− δαβq (2.19c)
where Rˆij,α is the α component of Rij/Rij. The physical meaning of the coefficients
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j1, j2, . . . , j7 is illustrated in Fig. 2.3 which depicts the positions of the neighbors and the
directions of the ”pi”-like interactions between them.
Figure 2.3: Illustration of inter-site dipole interactions between 1st, 2nd, and 3rd nearest
neighbors. [3].
To describe the state of elastic deformations of the ferroelectric crystal, we use local
strain variables ηl pRiq where the Voigt notation is used (l = 1 , . . . , 6) and Ri labels the
cell center (B site). The term Eelas, the elastic energy, is separated into two contributions,
the homogeneous and inhomogeneous strain.
Eelas p{ηl}q = EelasI p{ηI,l}q+ EelasH p{ηH,l}q (2.20)
The total elastic energy is expanded to quadratic order where the homogeneous strain
energy is given by
EelasH p{ηH,l}q = N2 B11
`
η2H,1 + η
2
H,2 + η
2
H,3
˘
+NB12 pηH,1ηH,2 + ηH,2ηH,3 + ηH,3ηH,1q
+
N
2
B44
`
η2H,4 + η
2
H,6 + η
2
H,6
˘
.
(2.21)
14Figure 2.3 has been previously published in W. Zhong, D. Vanderbilt, and K. Rabe, “First-principles
theory of ferroelectric phase transitions for perovskites: The case of BaTiO3,” Physical Review B, vol. 52,
p. 6301, 1995., and has been reproduced with permission from the American Physical Society
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The homogeneous strain is calculated by introducing six homogeneous strain components
ηH,l which allow the entire simulation cell to vary in shape and size. The constants B11, B12,
and B44 are the elastic constants of the material expressed in energy units (B11 = a
3C11)
and N is the number of primitive cells in the supercell. For the inhomogeneous strain
deformations, the six variables per unit cell {ηl pRiq} are not independent, they are found
from three independent displacement variables (local strain variables related to the acoustic
phonons) per unit cell. These are the dimensionless displacements v pRiq which are in units of
the lattice constant a defined at the cell corner (A sites) as Ri + pa/2 , a/2 , a/2q. To satisfy
the requirement of invariance under translations and rotations of the crystal as a whole,
the energy is expanded in scalar products of differences between the v pRiq. Additionally,
the cubic crystal symmetry greatly reduces the number of independent parameters in the
expansion. The inhomogeneous strain energy is then defined in terms of these dimensionless
displacement variables as
EelasI =
∑
i
{
γ11[vx (Ri)− vy (Ri ± x)]2 + γ12 [vx (Ri)− vx (Ri ± x)] [vy (Ri)− vy (Ri ± y)]
+ γ44[vx (Ri)− vx (Ri ± y) + vy (Ri)− vy (Ri ± x)]2
}
+ cyclic permutations ,
(2.22)
which corresponds to bond stretching, bond correlation, and bond bending, respectively.
Here, x ≡ axˆ , y ≡ ayˆ , z ≡ azˆ and ± indicates multiple terms to be summed. The γ
coefficients are related to the elastic constants by γ11 = B11/4, γ12 = B12/8, and γ44 = B44/8.
Defining the inhomogeneous contribution to the elastic deformations in terms of the variables
v pRiq keeps the acoustic phonon frequencies well behaved throughout the entire Brillouin
zone.
The E int p{u}, {η}q term describes the coupling between the local mode and the strain
and includes contributions from both homogeneous and inhomogeneous strain variables
ηl pRiq = ηH,l pRiq + ηI,l pRiq. As all ferroelectrics and antiferroelectrics are piezoelectrics,
the soft phonon mode is coupled to the long-wavelength acoustic phonon mode meaning
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that a ferroelectric or antiferrodistortive phase transition is accompanied by the onset of a
strain. Conversely, the presence of a strain can induce a ferroelectric or antiferrodistortive
phase transition or increase the magnitude of polar and non-polar distortions. Physically,
the E int p{u}, {η}q interaction quantifies the coupling between the soft mode and the acoustic
mode allowing the Hamiltonian to capture this piezoelectric behavior. The equation which
describes the on-site coupling between the elastic deformation and the local modes is given
by
E int p{u} , {ηl}q = 1
2
∑
i
∑
l,α,β
Blαβηl pRiquα pRiquβ pRiq (2.23)
where Blαβ is the coupling constant, α and β represent Cartesian coordinates. As a result
of cubic symmetry, there are only three independent coupling constants Blαβ, specifically:
B1xx = B2yy = B3zz, (2.24a)
B1yy = B1zz = B2xx = B2zz = B3xx = B3yy, (2.24b)
B4yz = B4zy = B5xz = B5zx = B6xy = B6yx. (2.24c)
The strain tensor contains both homogeneous and inhomogeneous parts
ηl pRiq = ηH,l pRiq+ ηI,l pRiq . (2.25)
The inhomogeneous strain variables, ηI,l pRiq, are expressed in terms of the local dis-
placement vectors v as follows. Six average differential displacements are defined which are
associated with the Ri as
∆vxx =
∑
d=0,y,z,y+z
rvx pRi − d− yq− vx pRi − dqs , (2.26)
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∆vxy =
∑
d=0,y,z,y+z
rvy pRi − d− yq− vy pRi − dqs , (2.27)
and their cyclic permutations where v pRiq is associated with positionRi + pa/2 , a/2 , a/2q
[107]. This implies that ηI,1 pRiq = ∆vxx/4 , ηI,4 pRiq = p∆vyz + ∆vzyq /4 , ect.
The existence of dipoles in infinite bulk ferroelectrics creates alternating positive and
negative charges which, when averaged over space, cancel out resulting in a zero net charge
inside the material. In ferroelectric nanostructures, the dimensions of the sample are finite
in 1 or more directions, creating a surface. Experimentally, this surface is present in a bulk
sample though the ratio of surface to bulk is negligibly small and the sample can be modelled
as infinite. The presence of a surface in a nanostructure creates an abrupt termination of
the dipole pattern resulting in a build-up of positive and negative charge on either end of
the sample. This point is illustrated in Fig. 2.4 with a net positive (negative) charge at the
top (bottom) surface. The difference in potential created by the surface charge gives rise
to a depolarizing electric field in the interior of the sample. The direction of this field is
opposite to that of the polarization; the field attempts to destroy it. A common method for
modelling the depolarizing field in dielectrics is to approximate the geometry of the sample
as an ellipsoid where the components of the polarization P = Pxxˆ+Pyyˆ+Pz zˆ are referred to
the principle axes of the ellipsoid. The components of the depolarizing field are then given
by the following equations
E(dep)x = −
NxPx
ε0
; E(dep)y = −
NyPy
ε0
; E(dep)z = −
NzPz
ε0
(2.28)
where Nx, Ny, Nz are called the depolarization factors which are all positive and satisfy
Nx +Ny +Nz = 1 [6]. This formulation allows for straightforward calculations of the depo-
larization factors for the limiting cases of 2-D, 1-D, and 0-D nanostructures. Approximating
the nanowire as a long circular cylinder oriented along the z axis, the depolarization factors
are Nx = Ny = 1/2 and Nz = 0. This means the depolarizing field will have non-zero
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Figure 2.4: Diagram illustrating the origin of surface charge in ferroelectric nanostructures
where the arrows indicate the direction of net polarization and the depolarizing field [106].
components in the transverse directions and no component along the axial or longitudinal
direction, of the nanowire.
The values for these depolarization factors represent theoretical limits. In our effective
Hamiltonian simulations of nanowires, we apply some amount of surface charge compensation
which decreases the strength of the depolarizing field, reducing effective Nx and Ny.
To calculate the depolarizing energy in low-dimensional ferroelectrics, in our case fer-
roelectric nanowires, we recognize the fact that a system under perfect open-circuit (OC)
electrical boundary conditions exhibits a maximum depolarizing field (if the polarization lies
along a non-periodic direction), while ideal short-circuit (SC) electrical boundary conditions
leads to a complete screening of charges at the ferroelectric nanostructures surfaces which
fully annihilates any depolarizing field. Technically, this means that the depolarizing energy
and field experienced by the ferroelectric nanostructure should involve a difference between
the dipole-dipole interactions associated with these two extreme electrical boundary condi-
tions. Within the effective Hamiltonian approach, the energy of the dipole-dipole interaction
in any ferroelectric system can be written in the form [71]
15Figure 2.4 has been previously published in Q. Zhang, Properties of Ferroelectric Perovskite Structures
under Non-equilibrium Conditions Graduate School Theses and Dissertations, January 2011., and has been
reproduced with permission from Dr. Qingteng Zhang
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E pDqdip =
Z∗2
2V
∑
αβ,ij
Q
pS,Dq
αβ,ij uα priquβ prjq , (2.29)
where D=3,2,1 represents a system periodic in 3, 2, and 1 directions, respectively; D=0
corresponds to non-periodic systems, and V is the volume. For bulk systems periodic in
three directions, the Q
pS,3q
αβ,ij matrix is given by Eq. 2.17. For ferroelectric nanowires the
Q
pS,1q
αβ,ij matrix is [71]
Q
pS,1q
αβ,ij =
2
a
∑
G
G2 cospG · zijq
{
K0 pGρijq δαzδβz +
δαxδβx + δαyδβy
Gρij
K1 pGρijq − 1
ρ2ij
K2 pGρijq ρα,ijρβ,ij
}
− 2
a
∑
G
GsinpG · zijqK1 pGρijq ρ−1ij Gαρβ,ij + 1a3
pδαxδβx + δαyδβy − 2δαzδβzq
∞∑
n=−∞
′|n + zij
a
|−3
(2.30)
for nanowires which are periodic along only one direction (z in our case) where λ is
referred to as the Ewald parameter. The Kronecker delta symbol is denoted by δij, ρij and
zij are the projections of rij (the vector connecting the atomic sites i and j) on the {x, y}
plane and the z axis respectively (i.e. rij = ρij + zij), ρij = |ρij|, and zij is the component
of the zij vector which lies along the z axis. The supercell length in the z direction is given
by a and Kn are the modified Bessel’s functions. We exclude contributions from ρij=0 in
Q
pS,1q
αβ,ij and the prime on the right-hand side of Q
pS,1q
αβ,ij indicates that the term n=0 has to be
excluded when i=j. [68]
Combining equation 2.29 with the Q matrix defined by equation 2.30 describe dipolar
interactions in nanowires under ideal OC conditions. The dipole-dipole energy corresponding
to ideal SC boundary conditions is that described by the D=3 Q matrix of Eq. 2.17.
The maximum depolarizing energy per unit volume E pDqdep in a ferroelectric nanowire is thus
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calculated as the difference in dipole-dipole energies between perfect OC and SC electrical
boundary conditions via the equation
ε
p1q
dep = ε
p1q
dip − εp3qdip =
1
2V
∑
αβ,ij
”
Q
pS,1q
αβ,ij − QpS,3qαβ,ij
ı
pα priq pβ prjq (2.31)
where Q
pS,1q
αβ,ij and Q
pS,3q
αβ,ij are given by equations 2.17 and 2.30 respectively.
Specifically the surface charge screening is achieved by mimicking a screening of the
maximum depolarizing field, with the magnitude of this screening being controlled by the
coefficient β as
Escreen = Z∗β
∑
i
〈Edep〉 · u priq (2.32)
where Edep is the average depolarizing electric field given by [71]
〈Edep〉 = −1
Nε∞Z∗
∑
j
∂ε
p1q
dep
∂u prjq . (2.33)
This gives us the capability of simulating both open and short circuit boundary condi-
tions where β=1 and β=0 corresponding to ideal SC and OC electrical boundary conditions
respectively. To simulate more realistic electrical boundary conditions, a value of β in-
between these two extremes can be used. For instance, in our simulations of PbTiO3 and
Pb(Ti0.6Zr0.4)O3 nanowires, we use a value β=0.1 to simulate realistic OC boundary con-
ditions in which a small amount of the surface charge is screened. This is what would be
expected for free-standing ferroelectric nanowires surrounded by air. The term Escreen in-
cluded in Eq. 2.10 essentially models a screening of the surface charge by free carriers [71].
The free carriers could be supplied by metal electrodes applied to the nanowire. This differ-
ence in potential will result in an electric field which will oppose the depolarizing field such
that the total field inside the nanowire will depend on the polarization as well as the applied
voltage [108]. The parameter β can be related to the finite screening length of the electrodes,
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λeff , and the nanowire’s lateral size, d, as follows β = (1+2
λeff
d
)−1 [109]. The surface charge
compensation does not necessarily require electrodes. Examples include surface charge com-
pensation due to molecular adsorbates, charge carriers, intrinsic surface states, oxygen or
other ionic vacancies, and others [110–114]. In these cases the screening parameter could
be related to the concentration of free carriers, n, as β = qnd
2Pbulk
, where q is the free carrier
charge and Pbulk is the spontaneous polarization in the bulk [109].
In order to study the interaction of ferroelectrics and antiferroelectrics with an electric
field, the Hamiltonian of Eq. 2.10 is further extended to include a term which describes
the interaction of the local mode with an external electric field. The energy term used to
characterize this interaction is given by
Efield = Z∗
∑
i
E · ui (2.34)
where E is the applied electric field. From electrostatics, the potential energy of an electric
dipole in an electric field is given by Edip = −p ·E [115]. Through this term we are able to
apply static as well as time dependent electric fields.
2.2.3 Energy Terms Resulting from Antiferrodistortive Degrees of Freedom
The Hamiltonian of Eq. 2.10 was extended to study antiferroelectrics in Ref. [61]. The
ground state structure of bulk PbZrO3 is an antiferroelectric (AFE) orthorhombic distorted
perovskite structure. The dominant lattice distortions are from the Σ2 and R
+
4 phonon
modes with wavevectors q = 2pi
a
p1/4, 1/4, 0q and q = 2pi
a
p1/2, 1/2, 1/2q respectively. While
distortion associated with the Σ2 mode is responsible for the antipolar arrangements of the
lead ions along the [110] direction, the R+4 distortion arises due to the oxygen octahedra
rotation around the [110] direction [116].
Figure 2.5 gives the amplitude of the structural distortions for different symmetries of
16Figure 2.5 has been previously published in B. K. Mani, S. Lisenkov, and I. Ponomareva, “Finite-
temperature properties of antiferroelectric PbZrO3 from atomistic simulations,” Phys. Rev. B, vol. 91, p.
134112, 2015., and has been reproduced with permission from the American Physical Society
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Figure 2.5: Amplitude of structural distortions of different symmetry in the ground state
of PbZrO3 (shown by rectangles) and the cumulative energy gain (shown by circles) due
to addition of each distortion. The energy of undistorted cubic structure is taken as the
reference point. [61]
the ground state of PbZrO3 as well as the cumulative energy gain due to each additional
distortion. In other words, the bar graph shows the relative contributions from the different
phonon modes to the total energy of the ground state structure, providing insight into
which modes are predominantly responsible for the ground state orthorhombic structure of
antiferroelectric PbZrO3. Note that the energy of the undistorted cubic structure is chosen
as the zero energy reference point. The phonon modes Σ2 and R
+
4 are structurally and
energetically the most influential distortions. Indeed these two distortions together with the
elastic deformations provide more than 92% of the energy gain associated with the distortion
of the ideal cubic perovskite structure. Based on this analysis the model was built to include
Σ2 and R
+
4 modes and strain deformations, ηi. Σ2 and R
+
4 modes are localized on the A and
B sites of the ABO3 unit cell, respectively, following the approach of Ref. [117]. Furthermore,
the local Σ2 mode (or just the local mode) u is defined from the atomic displacements in
the Σ2 mode, while the local R
+
4 mode (or antiferrodistortive local mode) ω is defined from
∆r = a0
2
Rˆij × pωi − ωjq [117], where ∆r is the oxygen displacement in a mode and a0
is the cubic lattice constant. The three-dimensional vector ω is non-polar and describes
antiferrodistortive oxygen octahedron tilts about the pseudocubic axes. The corresponding
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order parameters are computed by averaging the local modes in the associated point of the
Brillouin zone.
The additional degrees of freedom for the antiferrodistortive (AFD) extension of the
Hamiltonian are the oxygen octahedron tilts about pseudocubic axes, ωi, that describe
oxygen octahedron rotation. An additional term is added to the Hamiltonian of Eq. 2.10,
EAFD, which gives the energy due to the antiferrodistortive oxygen octahedra rotation mode
that is similar to EAFE but excludes the dipole-dipole interactions as the antiferrodistortive
local modes are nonpolar. The short-range antiferrodistortive interaction is implemented in
exactly the same way as the short-range ferroelectric interactions described in Eq. 2.18 of
section 2.2.2.
The terms EAFE−elas, EAFD−elas, and EAFE−AFD are the energy contributions due to the
interactions between the antiferroelectric local modes and the strain, the antiferrodistortive
local modes and the strain, and the antiferroelectric and antiferrodistortive local modes, re-
spectively [3,117] and we consider only on-site couplings. The coupling between the acoustic
phonons and the antiferrodistortive modes is written as [117]
EAFD−elas = 1
2
∑
ilαβ
Blαβγηl pRiq rω¯i,α pxq ω¯i,α pxq+ ω¯i,α p−xq ω¯i,α p−xqs
+ cyclic permutations (2.35)
where ω¯i,α pdq ≡ ωα pRi + dq− ωα pRiq and d is defined in Eq. 2.26 of section 2.2.2. Cubic
symmetry dictates that of the 162 possible matrix elements in Blαβγ, only 4 are independent
coupling constants denoted B1yyx, B2yyx, B3yyx, and B4yzx.
The coupling between the ferroelectric soft mode and the antiferrodistortive mode con-
tains terms which are linear in both ui and ωi as well as terms quadratic in these variables,
denoted with the subscripts 1 and 2 respectively. The ferroelectric-antiferrodistortive cou-
pling energy is then written as
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E ferro,AFD = E ferro,AFD1 + E ferro,AFD2 . (2.36)
The lowest order (linear) coupling between the ferroelectric and antiferrodistortive degrees
of freedom are expressed as [117]
E ferro,AFD1 = =
∑
i
Gxyux pRiq rωy pRi + zq− ωy pRi − zqs
+ cyclic permutations (2.37)
though for the case of PbZrO3, the coupling term Gxy was found from first-principles cal-
culations to be negligibly small and is approximated in the effective Hamiltonian as 0. The
quadratic coupling is written as [117]
E ferro,AFD2 =
∑
i
“
Gxxxxu
2
i,xw
2
i,x +Gxxyyu
2
i,x
`
w2i,y + w
2
i,z
˘‰
+ cyclic permutations (2.38)
where the wi,x in Eq. 2.38 are defined as
wi,x =
1
8
∑
d=±y,±z
rωx pRi + dq− ωx pRiqs (2.39)
and similarly for wi,y and wi,z.
In our effective Hamiltonian, the degrees of freedom associated with the antipolar Σ2
mode are the local modes. Therefore, the EFE−elas coupling terms described in Eq. 2.23 also
account for the EAFE−elas coupling. Similarly, the EFE−AFD terms given in eqs. 2.36, 2.37,
and 2.38 account for the EAFE−AFD coupling.
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2.2.4 Alloy Specific Energy Terms : Case of Lead Zirconate Titanate
Some perovskite ferroelectrics, referred to as alloys or solid solutions, have the A, B, or both
lattice sites occupied by different species of atoms. Two of the most technologically important
ferroelectric alloys are Lead Zirconate Titanate, Pb(TixZr1−x)O3, and Barium Strontium
Titanate, (BaxSr1−x)TiO3. In a disordered alloy, the lattice sites at which mixing occurs, A
site for Barium Strontium Titanate and B site for Lead Zirconate Titanate, could contain
either species of atom. The atomic species are randomly distributed throughout the sample;
a realistic approach given that growing crystals with exact atomistic precision is not yet
feasible. The different possible compositions can greatly vary the properties of the material.
For instance, Pb(Ti0.6Zr0.4)O3 is a ferroelectric material which undergoes one phase transition
from cubic to tetragonal symmetry. However pure PbTiO3 is a ferroelectric material while
pure PbZrO3 is antiferroelectric. The transition temperature and crystal symmetry of the
alloy can be altered by changing the relative compositions of the different ions. Figure
2.6 depicts the phase diagram for Pb(TixZr1−x)O3 as a function of Zr concentration and
temperature. For higher concentrations of Ti, the ferroelectric phase is tetragonal while for
lower concentrations of Ti it is rhombohedral. For very small Ti concentrations, less than
7%, Pb(TixZr1−x)O3 becomes antiferroelectric orthorhombic below the Curie temperature.
The effective Hamiltonian which yields a total energy surface given by 2.10 requires
extension in order to account for alloy effects in the crystal; in addition to the local mode
and strain degrees of freedom compositional degrees of freedom are included. The total
energy becomes
E tot = EV CA p{ui} , {vi} , {ηH}q+ Eloc p{ui} , {vi} {σj}q (2.40)
where σj characterizes the atomic configuration where σj=+1 or -1 corresponding to
the presence of a Zr or Ti atom respectively at the B position of lattice site j [100]. The
energy term EV CA represents all the contributions to the total energy involving the soft mode,
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Figure 2.6: Pb(TixZr1−x)O3 phase diagram depicting various phases as a function of Ti
concentration and temperature.
strain, and their mutual couplings, the same Hamiltonian defined in Eq. 2.10, while the {σj}
parameters are incorporated into the second energy term Eloc.
The parameters used in the EV CA energy term are found using first-principles calcu-
lations through the application of the virtual crystal approximation (VCA), i.e. replacing
A
`
B′1−x, B
′′
x
˘
O3 by a uniform but composition-dependent “virtual” ABO3 system. The mix-
ing of the two elemental species is done at the pseudopotential level with periodic boundary
conditions applied to the system. The resulting parameters consequently reflect the prop-
erties of a true alloy at the specified concentration. The Eloc term can be thought of as
a perturbative term stemming from the fact that Pb(TixZr1−x)O3 systems possess real Zr
and Ti atoms on the B-sites rather than a virtual compositionally dependent 〈A〉 atom. It
includes the onsite effect of alloying on the self-energy up to 4th order in ui and intersite
interactions which are linear in ui and vi given by
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Eloc p{ui}, {vi}, {σj}q =
∑
i
“
∆α pσiqu4i + ∆γ pσiq
`
u2ixu
2
iy + u
2
iyu
2
iz + u
2
izu
2
ix
˘‰
+
∑
ij
rQj,i pσjq eji · ui +Rj,i pσjq fji · vis (2.41)
where j runs over the mixed sublattice sites [100]. The onsite contribution of alloying
is denoted using ∆α pσiq and ∆γ pσiq; the change in the anharmonic coefficients relative to
the VCA ABO3 onsite energy term. The matrices Qj,i pσjq and Rj,i pσjq are related to alloy-
induced intersite interactions, eji is a unit vector joining site j to the center of the soft mode
vector ui, and fji is a unit vector joining site j to the origin of the displacement vector vi.
Though terms with higher powers of ui and vi could be included in the energy expression
to possibly improve the accuracy, numerous studies [100,101,104] have found that this level
of expansion produces results which are in good agreement with experiment. Additionally,
Qj,i pσjq and Rj,i pσjq decrease rapidly as the distance between i and j increases meaning
that contributions up to 3rd nearest neighbors for Qj,i pσjq and over 1st nearest neighbor
shell for Rj,i pσjq are sufficient.
2.3 Molecular Dynamics
Molecular Dynamics (MD) is a computational method used to calculate the time evolution
of classical many-body systems. It uses numerical integration and Newton’s laws to solve N
coupled equations of motion where N is the number of particles which make up the supercell.
The motion of the constituent particles obey classical mechanics and MD provides a means of
essentially simulating an experiment [118]. Molecular Dynamics is a deterministic algorithm
meaning that the initial conditions determine the state of the system at any subsequent time.
This implies that the state of the system at any step depends on the state of the system
at all previous steps; in other words the initial conditions determine completely the time
evolution of the system. In order to compare the ensemble averages multiple calculations
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with randomized velocities are required.
2.3.1 Numerical Integration Technique : Predictor-Corrector Algorithm
Our effective Hamiltonian Molecular Dynamics simulations use a predictor-corrector algo-
rithm to numerically integrate the equation of motion
M∗u
d2u
dt2
= F pu, tq (2.42)
for the local mode variable u and time t. The integration is a two-step process, the
predictor step which solves Eq. 2.42 and the corrector step which makes any necessary
corrections to the previously calculated integration. The predictor step for the γ = px, y, zq
coordinate of the local mode is defined by the following two expressions [119]
uγ pt+ ∆tq = uγ ptq+ ∆t 9uγ ptq+ p∆tq2
k−1∑
i=1
αif puγ, t+ r1− is∆tq (2.43)
∆t 9uγ pt+ ∆tq = uγ pt+ ∆tq− uγ ptq+ p∆tq2
k−1∑
i=1
α′if puγ, t+ r1− is∆tq (2.44)
where ∆t is the chosen time step for the integration which is specified as an input pa-
rameter. The predictor extrapolates the value of uγ pt+ ∆tq using the values of the position
uγ, the velocity 9uγ, and the acceleration :uγ at previous times t = t, t = t − ∆t, etc. The
corrector step is then used to recalculate values for x and 9x which were estimated in the
predictor step. The corrector is defined by the equations
uγ pt+ ∆tq = uγ ptq+ ∆t 9uγ ptq+ p∆tq2
k−1∑
i=1
βif puγ, t+ r2− is∆tq (2.45)
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∆t 9uγ pt+ ∆tq = uγ pt+ ∆tq− uγ ptq+ p∆tq2
k−1∑
i=1
β′if puγ, t+ r2− is∆tq (2.46)
where α, α′, β, and β′ are predetermined coefficients. These coefficients, as well as the
predictor-corrector equations 2.43 - 2.46 themselves, are from the Adams-Boshford method
of Ref. [119]. The value of k, which determines the order of expansion and therefore the
degree of accuracy of the integration, is set to the value 4. This order provides reasonable
efficiency without loss of precision and accuracy.
2.3.2 Statistical & Thermodynamic Ensembles
In any Molecular Dynamics calculation, the collection of particles is simulated within a speci-
fied statistical ensemble in which different thermodynamical variables are held constant. This
allows for simulation of various thermodynamical potentials (Gibbs, Helmholtz, etc.) and
mimics the controlled environment of an experiment. A statistical ensemble is a collection
of all possible systems which have different microscopic states but have an identical macro-
scopic or thermodynamic state. In other words, it is a large number of virtual copies of a
system (probability distribution for the states of the system), each of which represents a
possible state that the real system might be in. A closely related idea is that of a thermo-
dynamic ensemble : a specific type of statistical ensemble that, in thermal equilibrium, is
used to derive the macroscopic properties of the thermodynamic system (i.e. temperature,
polarization, energy, etc.) [120]. A number of thermodynamic ensembles are used in Molec-
ular Dynamics simulations, each one distinguished by the variables which are held constant
throughout the calculation which determines the thermodynamic environment the system
experiences during the simulation.
True classical Newtonian mechanics corresponds to an NVE (microcanonical) ensemble
with a constant number of particles (N), volume (V), and total energy (E). In an NVE
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ensemble, the total energy of the system is naturally conserved as long as the potential is
a function of only the coordinates of the particles. Other ensembles include the canonical
(NVT) ensemble where T is the temperature and the isothermal-isobaric (NPT) ensemble
with P representing the pressure of the system. The characteristic state function for the NVT
ensemble is the Helmholtz free energy (A pV, T q = U−TS) while the NPT ensemble uses the
Gibbs free energy defined as G pP, T q = U +PV −TS for a constant number of particles. In
experiments, the Gibbs free energy is of practical interest since the number of particles, the
pressure and the temperature are relatively easy to control. For this reason, we commonly
use the NPT ensemble in our simulations. The canonical and isothermal-isobaric ensembles
both simulate a system in thermal contact with a heat bath; practically this is achieved
in Molecular Dynamics simulations through the use of a thermostat. The thermostat used
in our Molecular Dynamics simulations is the Evans-Hoover thermostat [119] in which the
temperature is controlled through introducing a friction force into the equation of motion.
We simulate constant pressure by including a PV term in the effective Hamiltonian [121].
This term ensures constant pressure by varying the homogeneous strain tensor (describes
supercell deformations) throughout the simulation to compensate for fluctuations in pressure.
The Ergodic hypothesis states that a phase point for any isolated system passes in suc-
cession through every point compatible with the energy of the system before finally returning
to its original position in the phase space [122]. If x¯ is the time average of x and 〈 〉 denotes
the ensemble average then a consequence of the Ergodic hypothesis is that
〈x〉 = x¯ (2.47)
for a stochastic process whose joint probability distribution does not vary over time
[105]. In Molecular Dynamics simulations, it is preferred that every possible state that the
system can exist in be accessible in the simulation. In other words, every accessible point in
configurational space can be reached by a finite number of Molecular Dynamics steps starting
at any point in the space. In a Molecular Dynamics simulation, all possible states at a single
66
point in time cannot be determined. However if the system is ergodic and is allowed to visit
all of the energetically relevant states by allowing for a sufficiently long simulation time,
then through the ergodic hypothesis we are able to calculate meaningful values for statistical
average of various quantities of interest.
2.3.3 Calculating Soft Mode Frequency at Finite Temperatures from ε pωq
First-principles techniques are useful for calculating phonon frequencies at 0 K. However, we
are also interested in studying the soft mode frequency dynamics at finite temperatures. The
characteristic soft mode frequency of a typical ferroelectric material falls within the range
of 2 to 6 THz. Under a frequency dependent electric-field (0 to 15 THz in our calculations),
a ferroelectric material will be most responsive to the electric field at the characteristic
frequency. The frequency response will also depend on the temperature with the soft mode
decreasing in frequency near the transition temperatures. This responsiveness of the material
to an electric field is characterized by the frequency dependent dielectric response. Therefore,
to study the frequency dynamics of ferroelectrics we first calculate the complex dielectric
response following the approach of Refs. [121,123]
ε pνq− 1 = 1
3ε0V kBT
„〈
M 2
〉
+ 2piiν
∫ ∞
0
e2piiνt 〈M ptq ·M p0q〉 dt

(2.48)
where “〈 〉” denotes the thermal average, V is the volume of the supercell, and t and
ν are the time and frequency, respectively. The 〈M 2〉 is the time-averaged square of the
total dipole moment of the supercell while 〈M ptq ·M p0q〉 is the average autocorrelation
function (ACF) for the dipole moment. The simulation begins with 20,000 MD steps within
an NPT ensemble to equilibrate the structure for the chosen temperature. This was done
in the presence of the bias field. This was followed by 5,000 steps within an NVE ensemble
for which the thermostat and barostat are turned off and the homogeneous strain variable
are held fixed. This ensemble allows to obtain dynamical properties and was subsequently
used for the remainder of the simulation for 2,975,000 additional MD steps yielding 10,000
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individual M ptq ·M p0q functions. The M ptq ·M p0q functions are calculated for the time
interval [0:8.2] ps and utilize the overlap approach of Ref. [119]. TheseM ptq·M p0q functions
are next averaged to obtain the autocorrelation functions. The M 2 is averaged over the final
2,975,000 NVE steps of the simulation to obtain 〈M 2〉. This average is used, along with the
Fourier transform of the ACF, to determine ε pνq from Eq. 2.48.
The dielectric function generated in our calculations is fit with the classical damped
harmonic oscillator Lorentzian function
ε pνq = ε∞ + S0
ν20 − ν2 + iνγ0
(2.49)
where ν0, γ0, and S0 are the characteristic frequency, damping constant, and oscillator
strength respectively. The high-frequency permittivity ε∞ is not considered in the simu-
lated response of our calculations since our model only accounts for a single ionic polar
displacement per unit cell. We found that for the nanowires, computed ε pνq can be fitted
well with a single Lorentzian oscillator function. For PbTiO3 bulk, the single mode splits
below the transition temperature into the individual A1(TO1) and E(TO1) modes. This
requires the use of two separate Lorentzian oscillator functions to properly fit the data. The
results of the fit yield the mode characteristic frequency ν0 as a function of temperature (T)
and the bias electric field (Edc) as well as S0 pT,Edcq and γ0 pT,Edcq.
2.4 Monte Carlo Methods
Another computational method that allows us to model various thermodynamical ensembles
and is used in our research is Monte Carlo, so named for the fact that it incorporates
probability into the calculations. As opposed to Molecular Dynamics, Monte Carlo (MC)
methods do not calculate the time evolution of the system. They are used to find equilibrium
properties of the system. Contrary to the deterministic Molecular Dynamics algorithm
described in the previous section, Monte Carlo methods fall under the category of stochastic
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methods. A stochastic process is a time sequence representing the evolution of some system
represented by a variable whose change is subject to a random variation [124].
The central problem of Metropolis Monte Carlo is to calculate the thermal average of a
quantity Q which is given by the classical expression
〈Q〉 =
∫
dpNdrNQ
`
pN , rN
˘
er−βHppN ,rNqs∫
dpNdrNer−βHppN ,rN qs
(2.50)
where Q is the observable to be averaged, β = 1
kbT
, H is the Hamiltonian of the system,
N is the number of sites or particles, and p and r are the momentum and position vectors
respectively. The integration over the momenta can be done analytically leaving only the
integration over the coordinates for Q
`
rN
˘
to be done numerically.
For a given integration mesh, the majority of points would yield an integrand for Eq.
2.50 which is nearly zero which can be safely neglected. This point is the motivation behind
a method known as importance sampling; sampling mostly those points in phase space
for which the Boltzmann factor has a non-zero value and ignoring points for which it is
vanishingly small. Importance sampling is a way of reducing the amount of phase space
which the algorithm needs to explore in order to converge on the lowest energy state. The
basic idea is that some of the input variables which are varied in order to calculate the energy
difference (the local mode u and the local strain η in effective Hamiltonian Monte Carlo) have
more impact on the potential energy function. That is, some local mode and strain variable
configurations affect the energy landscape more significantly than other configurations and
some configurations yield extremely high energies which lie far from the equilibrium value.
The Metropolis Monte Carlo algorithm is one such example of importance sampling.
The Metropolis Monte Carlo algorithm we use to calculate equilibrium properties of fer-
roelectrics/antiferroelectrics is summarized in Fig. 2.7. The simulation is initialized using
randomized local mode and local strain variables. We then attempt to update one of the
variables (local mode of local strain) by replacing the x, y, and z components of the variable
with a randomly generated set of components and the change in energy resulting from the
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variable update is calculated. If the system energy is lower as a result of the update, the
trial move is accepted. If the variable update results in an increase in energy, the trial move
is accepted with a probability proportional to the Boltzmann factor. To determine if a trial
move will be accepted or rejected, a random number is generated from a uniform distribution
within the interval [0,1] and compared with the probability of acceptance. The trial move
is accepted if the random number in less than the probability of acceptance and rejected
otherwise. This process is repeated over all sites for a predetermined number of Monte Carlo
steps.
Initialize simulation with randomized 
values for local mode and strain 
Attempt to update 
If the energy move is downhill             then 
accept the new configuration and energy 
If the energy move is uphill             then 
accept the move 
 with probability 
Check if maximum number of Monte 
Carlo steps has been reached : if 
NO                                                   YES 
Exit simulation 
Figure 2.7: Flow chart depicting the basic Metropolis Monte Carlo algorithm.
2.4.1 Adiabatic Monte Carlo
While the Metropolis Monte Carlo method explained previously simulates a canonical (NVT)
ensemble, we are also interested in using Monte Carlo simulations to study ferroelectric/antiferroelectric
materials during an adiabatic process in which the temperature is allowed to vary but there
is no heat exchange with the surroundings. We use this approach in order to directly com-
pute the electrocaloric effect. To derive such an approach, we begin with the enthalpic form
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of the first law of thermodynamics
dH = dQ− xidXi −DidEi (2.51)
where H = U −Xixi−EiDi is the enthalpy, dQ is an infinitesimal quantity of heat, U is
the internal energy, and Xi and xi are the stress and strain respectively. Since we are using
this method to study the electrocaloric effect, an adiabatic process by definition, dQ = 0.
In order to achieve adiabatic simulations, we follow the spirit of Creutz microcanonical
Monte Carlo algorithm [125, 126] and introduce additional degrees of freedom, referred to
as “demons”, which absorb, carry, or redistribute energy throughout the sample. In our
simulations, the enthalpy is defined as follows :
H = 1
V
˜
Upot +
Ndem∑
i=1
Edemi − V Xixi − Z∗E
Nsites∑
j=1
uj
¸
= H +
Ndem∑
i=1
Edemi (2.52)
where Upot is the potential energy given by the effective Hamiltonian, E
dem
i is the energy
carried by the ith demon, Z∗ is the Born effective charge, uj is the local mode at site j [16].
H is the enthalpy less the energy of all the demons. We determine the appropriate number
of demons required to reproduce the computational value for CE=0 through the equation
Ndem = integer
„
1
kB
ˆ
CE=0 − ∂U
pot
∂T
˙
= integer
„
∂Upot
∂T
ˆ
1
kBV
− 1
˙
+
15
2
1
V

= 8 (2.53)
At each Monte Carlo step, an update for a degree of freedom is attempted and compared
with the energy of a randomly chosen (or sequentially picked) demon Edemi . If E
dem
i −∆H > 0
the move is accepted and the enthalpy and demon energy are updated as H → H + ∆H
and Edemi → Edemi − ∆H. If instead Edemi − ∆H < 0, the trial move is rejected and
the selected demon energy remains the same. One Monte Carlo sweep attempts to update
71
all the degrees of freedom sequentially. The temperature is calculated after each sweep
as T =
∑Ndem
i=1 E
dem
i /kBNdem and is averaged over an appropriate number of Monte Carlo
steps [16].
72
3 Parameterization of Potassium Niobate
Recently there has been concern regarding materials containing lead such as PbTiO3 and
Pb(Ti0.6Zr0.4)O3 which is known to be toxic to both humans and the environment. As a
result, there is a push for lead-free alternatives for materials which could potentially be
used for technological application. For the perovskite ABO3 class of materials, this can be
achieved by using materials with less toxic elements such as Barium, Bismuth, or Potassium.
The lead compounds Pb(Ti0.6Zr0.4)O3 and PbTiO3 have excellent caloric and ferroelectric
properties; our goal is to identify whether lead-free materials can be used for potential
applications which rely on these properties. We decided to focus on KNbO3 since it remains
relatively under-explored. KNbO3 undergoes the same sequence of phase transitions as
BaTiO3 except at elevated transition temperatures. This means KNbO3 could potentially
be used for applications requiring a higher operating temperature range. The goal of this
project is to derive a set of parameters for the effective Hamiltonian which will be used to
study static and dynamic properties in KNbO3 bulk and nanowires.
We used the Vienna Ab-Initio Simulation Package (VASP) to perform plane-wave density
functional theory computations. [127–130] The functionals used were Projector augmented
wave (PAW) [131,132] within the LDA [133] as well as the Perdew-Burke-Ernzerhof general-
ized gradient approximation PBE-GGA [134,135] functional. To represent points in k-space
we used a Monkhorst-Pack [136] k-point mesh. For calculations involving a single perovskite
unit cell, a mesh of 11x11x11 was used; for calculations involving multiple unit cells, we
decrease the k-point mesh to 5x5x5 to take into account the size of the supercell in real
space. The plane wave basis was truncated at 600 eV for all calculations and we used the
default kinetic energy cutoff defined in the pseudopotential files for the respective chemical
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elements. We shall now describe the various parametrization steps in detail.
3.1 Lattice Constant
The parametrization begins with computation of the lattice constant, alat, corresponding
to the perfect cubic perovskite structure. Since an effective Hamiltonian is a Taylor series
expansion in small distortions from the cubic structure [3], the value of the lattice can have
a large impact on the predictions of the model.
In order to determine the cubic lattice constant, we ran a series of total energy calculations
on a single unit cell of KNbO3 where the total energy, Elat, is computed as a function of alat.
The computational data are fitted with a third order polynomial
Elat = E0 + C1alat + C2a2lat + C3a3lat (3.1)
where C1, C2, and C3 are the fitting parameters. Equation 3.1 is subsequently minimized
analytically to find the value of alat. Figure 3.1 shows the points for which calculations were
carried out as well as the polynomial used to fit the data. The optimal lattice constant was
different for the two functionals used. The lattice constant is 7.55 a.u. for LDA and 7.68
a.u. for GGA. These compare very well with the experimentally measured values of 7.63 a.u
reported by Ref. [5] and 7.50 A˚ reported by Ref. [137].
A second method we used to find the cubic lattice constant was to allow the VASP code
to relax the volume of a cubic unit cell. The code calculates the total energy of the unit cell
with respect to volume using a conjugate gradient algorithm until the forces acting on the
ions are zero and there are no stresses on the unit cell. The values of the lattice constants
found by the relaxation method are 7.56 a.u. for LDA and 7.67 a.u. for GGA, in agreement
with the first method.
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Figure 3.1: The total energy of the KNbO3 cubic unit cell as a function of the lattice constant
using the LDA. The points represent the data calculated at each lattice constant value while
the dashed line indicates the best fit.
3.2 Eigenvector of the Soft Mode
In the soft mode theory of ferroelectrics, the local dipole moment which gives rise to the
macroscopic polarization is due to the relative displacement of the ions in the perovskite
unit cell. These displacements are proportional to the dimensionless eigenvector, ξi, of the
unstable zone-center phonon mode in the cubic phase. Therefore, the next step in the
parametrization is the calculation of the normal phonon modes for the optimized cubic unit
cell. In our first principle phonon calculations, we determine the eigenvalues and associ-
ated eigenvectors of the normal modes by diagonalization of the interatomic force constant
(IFC) matrix whose elements are the second derivatives of the energy with respect to atomic
displacement. The method we use to calculate the IFC matrix is referred to as the linear
response method. It uses density functional perturbation theory (DFPT) in the linear re-
sponse region in order to calculate the forces on the individual atoms [138]. We use numerical
methods to diagonalize the 15x15 IFC matrix, also known as the Hessian matrix, obtained
from the DFPT implementation VASP. Technically, the ions are displaced and the forces
between them are calculated yielding the Hessian matrix. The eigenvalue associated with
the soft mode is both negative and triply degenerate and the eigenvector corresponding to
this eigenvalue is the soft mode eigenvector. This eigenvector points in the direction of the
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energy decrease.
Table 3.1: Components of the normalized eigenvectors for GGA and LDA describing the
local mode in KNbO3. Other values for the eigenvector determined using Vanderbilt ultra-
soft pseudopotentials within LDA (Ref. [5]) as well as values derived from experimentally
measured displacements. (Ref. [137]).
GGA LDA Ref. [5] Exp. Ref. [137]
ξA -0.092 -0.173 0.18 0.32
ξB -0.815 -0.808 0.80 0.73
ξ‖ 0.207 0.320 -0.31 -0.33
ξ⊥ 0.492 0.335 -0.37 -0.38
Table 3.1 shows our computed eigenvectors and those reported in Ref. [5] as well as the
ones calculated from experimentally measured displacements in Ref. [137]. The largest ionic
displacement is seen, for both LDA and GGA, for the B-site while for the A-site there is
almost no displacement. This suggests that KNbO3 is a B-centered perovskite and that
the dipole moment which develops in the ferroelectric phase of KNbO3 is a result of the
relative displacement of the B ion with respect to the oxygen octahedron. We will compare
our parameters to those found from the first-principles calculations of Ref. [5] as well as
experimental values given in Ref. [137] whenever possible. The first-principles parameter set
provided by Ref. [5] is limited and does not contain all of the necessary parameters to run
effective Hamiltonian simulations. The Hamiltonian used in this reference accounts for all
dipole interactions through a single parameter κ which is proportional to the square of the
local mode. The Hamiltonian used in the total energy expression (Eq. 2.10) separates the
dipole energy into a dipole self interaction, short-range dipole interactions, and long-range
dipole interactions. To our knowledge, a full set of effective Hamiltonian parameters did not
exist for KNbO3 prior to our parametrization.
3.3 Anharmonic Coefficients α and γ
The energy of an isolated local mode is given by equation 2.12 where ui is the magnitude of
the local mode for a single cell (i=1). The local mode self interaction contains a harmonic
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term as well as two anharmonic terms for which the coefficients are α and γ. These anhar-
monic coefficients were found by calculating the total energy of the unit cell while varying
the amplitude of the local mode u. This was done by applying a local mode along the [001],
[110], and [111] directions. The displacements from the ideal cubic structure, vi, are found
in accordance with the equation vi = u ξi where ξi is the dimensionless displacement for
atom i in the soft mode and u is the magnitude of the local mode. Computational data for
the total energy of the unit cell as a function of local mode are given in Fig. 3.2. The red,
green, and blue curves correspond to ionic displacements along the [001], [110], and [111]
crystallographic directions, respectively. Only positive values of the local mode are consid-
ered due to the symmetry of cubic structure. Figure 3.2 predicts a rhombohedral ground
state with the polarization vector along the [111] direction, in the absence of coupling with
the strain. This finding is in qualitative agreement with experiment [137].
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Figure 3.2: The total energy of the unit cell as a function of local mode for the three directions
of the local mode for LDA (a) and GGA (b).
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The computational data of Fig. 3.2 was fitted using Eq. 2.12 as follows
E pr001sq = κu2 + αu4, (3.2a)
E pr110sq = κu2 + αu4 + γ
′
4
u4, (3.2b)
E pr111sq = κu2 + αu4 + γ
′′
3
u4. (3.2c)
During fitting, the value for κ is set to half the value of the soft mode eigenvalue. To
find the value of α, we fit Eq. 3.2 a while γ is found by using the results of fitting eqs. 3.2
b and 3.2 c in conjunction with
γ =
γ′ + γ′′
2
. (3.3)
Table 3.2 summarizes the values obtained from our first principle calculations for α and
γ showing good agreement with Ref. [5] which used the LDA.
Table 3.2: The anharmonic coefficients α and γ for the LDA and GGA from our calculations
and those of Ref. ( [5]) for comparison.
GGA LDA LDA from ref. [5]
α 0.4453 0.1213 0.378
γ -0.7438 -0.5943 -0.613
3.4 Harmonic Coefficient & Short-Range Interaction Parameters
The harmonic coefficient κ2 and the short-range interaction parameters j1 - j7 are determined
through the approach proposed in Ref. [3]. A series of energy and force calculations which
utilize the conjugate-gradient method to minimize the forces between the atoms, nine in
total, are performed for different configurations of local modes which are shown in Fig. 3.3.
For each configuration the energies and forces are calculated through the frozen phonon
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method using the VASP. They represent different arrangements of local mode configurations
which are characterized by different wave vectors (k) and polarization vectors (P ). Figure
3.3 a represents the zone-center Γ-point distortion, Figs. 3.3 b and c correspond to the
zone-boundary k-point X = ppi/a, 0, 0q with the local mode vector in the zˆ and xˆ directions
respectively. Figures 3.3 d and 3.3 e represent the M = ppi/a, pi/a, 0q point in the Brillouin
zone with local mode vector in the zˆ and xˆ directions respectively while Fig. 3.3 f represents
R = ppi/a, pi/a, pi/aq with local mode vector in the z direction. The remaining two figures
correspond to four-cell calculations in which the local mode vector has more than one non-
zero component. The red point and vector signifies the corner of the supercell at which the
origin is positioned. For the configurations in Figs. 3.3 a - f the calculations were done using
a cubic supercell of 2x2x2 unit cells in size, while calculations for figures 3.3 g and 3.3 h
required a larger supercell with nx = nz = 4 and ny = 2. For each local mode configuration,
we performed self-consistent energy calculations for various local mode amplitudes |u|= u.
The local mode amplitude was systematically increased for each calculation, from 0 to 0.1
in units of the equilibrium lattice constant. The maximum local mode displacement was
limited to 0.1 since ferroelectricity in crystals is a result of small displacements from the
ideal cubic structure.
For the calculations using figures 3.3 a - f , the data for the energy is fitted with the
equations
Efig puq = κfigu2 + αu4 (3.4)
while for the 160 atom supercell calculations in the direction u r101s, we fit with the
expressions
Efig puq = κfigu2 + αu4 + γ
4
u4 (3.5)
17Figure 3.3 has been used with the permission of Dr. Brajesh Kumar Mani
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Figure 3.3: The eight local mode configurations used to compute the short-range coupling
parameters (ji) as well as the on-site harmonic coefficient. The energy of the local mode
is calculated for each configuration and fit with quadratic equation to find the harmonic
coefficient κfig in each case [139].
where κfig, α, and γ are the fitting parameters. Note we obtain different κfig values for
each local mode configuration depicted in Fig. 3.3. By fitting the energy of each local mode
configuration we can determine the harmonic coefficients corresponding to each configura-
tion. The κfig parameter represents contributions from three different interactions, namely
the local mode self energy, the long-range dipole-dipole interaction, and the short-range
inter-site interaction the strength of which is given by the parameters j1 · · · j7. The κfig
associated with different local mode configurations given by figures 3.3 a - h are expressed
80
using the following set of linear equations
κ pFig.2aq = −2.094C + κ2 + 2j1 + j2 + 4j3 + 2j4 + 4j6, (3.6a)
κ pFig.2bq = 4.844C + κ2 + 2j1 − j2 − 4j3 + 2j4 − 4j6, (3.6b)
κ pFig.2cq = −2.422C + κ2 + j2 − 2j4 − 4j6, (3.6c)
κ pFig.2dq = −2.677C + κ2 − 2j1 + j2 − 4j3 + 2j4 + 4j6, (3.6d)
κ pFig.2eq = 1.338C + κ2 − j2 − 2j4 + 4j6, (3.6e)
κ pFig.2fq = 0C + κ2 − 2j1 − j2 + 4j3 + 2j4 − 4j6, (3.6f)
κ pFig.2gq = 2.932C + κ2 + j1 − 2j5 − 4j7, (3.6g)
κ pFig.2hq = 0.416C + κ2
2
− 2j7. (3.6h)
where the first term gives the contribution from the dipole-dipole interaction and the con-
stant C = Z
∗2
∞a3lat
[140]. This set of linear equations is solved using a Gaussian elimination
with back substitution algorithm to find the values of κ2 and j1 - j7. The computational
values are given in table 3.3.
Table 3.3: Short-range interaction parameters, j1 - j7, and the quadratic self-energy coeffi-
cient κ2 in units of Ha/a
2
0.
GGA LDA
κ2 0.1101 0.1213
j1 -0.0165 -0.0212
j2 -0.0738 -0.0488
j3 0.0045 0.0058
j4 -0.0032 -0.0040
j5 -0.0185 -0.0161
j6 0.0014 0.0018
j7 0.0047 0.0012
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3.5 Born effective Charge, Optical Dielectric Constant & Mass of
Local Mode
The next three parameters which were calculated were the Born effective charge, Z∗, the
mass of the local mode, M∗u , and the optical dielectric constant, ∞. The Born effective
charge for each ionic species and the optical dielectric constant are calculated internally
using DFPT in VASP. Specifically, the Born effective charge tensor is calculated as [141]
Z∗ij =
Ω
e
∂Pi
∂uj
i, j = x, y, z (3.7)
where Ω is the volume of the unit cell, ui is the lattice displacement, and Pi is the polarization.
The ion-clamped optical dielectric constant is calculated using the expression [141]
∞ij = δij +
4pi
0
∂Pi
∂Ej
, i, j = x, y, z. (3.8)
During this calculation, the coordinates of the ions are held fixed to ensure that the resultant
polarization is electronic. The Born effective charge of the local mode is calculated as
Z∗ = ξKZ∗K + ξNbZ
∗
Nb + ξO‖Z
∗
O‖ + 2ξO⊥Z
∗
O⊥ (3.9)
where the subscript denotes the atomic species. Note that for a 5 atom unit cell there are
2 oxygen atoms perpendicular to the direction of polarization and 1 parallel. Due to the
symmetry of the Born effective charge tensor, x and y components yield similar values for
the Born effective charge of the local mode. The local mode mass is defined as
M∗u =
∑
i
`
ξiz
˘2
M i (3.10)
with M i being the mass of the ith atom found in any periodic table of the elements. These
parameters are listed in table 3.4 for both functionals.
The final entry in table 3.4 gives the value for the inhomogeneous strain mass. This was
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Table 3.4: Values of the Born effective charge, Z∗, optical dielectric constant, ε∞, the local
mode effective mass, M∗u and the inhomogeneous strain mass M
∗
ηin
. The Born effective charge
has units of e, the static dielectric constant is dimensionless and the effective masses have
units of amu.
GGA LDA
Z∗ 9.924 9.892
ε∞ 6.712 6.836
M∗u 66.895 67.234
M∗ηin 180.001 180.001
calculated by adding up the contributions from each atomic species to the total mass of the
5-atom unit cell as
M∗ηin = MK +MNb + 3MO (3.11)
3.6 Phonon Dispersion Curve
At this point we have all the parameters necessary to compute phonon dispersion curves in
the cubic phase. The phonon dispersion curves are obtained by computing the IFC matrix in
different points of the Brillouin zone and diagonalizing the matrix to obtain the eigenvalues.
Only parameters ∞, Z∗, κ2, j1 - j7, and alat contribute to these calculations. The computed
curves are given in Fig. 3.4. The data predicts two instabilities, one between the M and Γ
points and another between the Γ and R points in the Brillouin zone which are inconsistent
with ferroelectricity.
The local mode configurations given in Figs. 3.3 b, e, and f are A-site dominated mean-
ing the largest ionic displacements are on the A-sites while the local mode for KNbO3 is
B-centered. This means that phonon modes corresponding to these higher energy config-
urations are not reproduced well using the frozen phonon method leading to errors in the
calculation of the phonon dispersion curves. To correct for these phonons which are not
well-behaved, we again use the 40 atom supercells corresponding to Figs. 3.3 b, e, and f to
perform density functional perturbation theory calculations (see sections 3.1.4 & 3.1.5) after
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Figure 3.4: Phonon dispersion curves for KNbO3 using the parameters derived from the LDA
(a) and GGA (b). The curves predicts instabilities to the left and right of the Γ-point. The
labels (a - f) indicate which local mode arrangement from Fig. 3.3 is associated with which
point.
relaxing the atomic positions of the structure while holding the lattice vectors fixed in the
ideal cubic positions. We then extract the κfig values described in the previous section by di-
agonalizing the interatomic force constant (IFC) matrix generated by the VASP code during
the calculation. We use these new κfig values to re-calculate κ2 and the ji parameters using
the same method explained in section (3.4). Once we have the new values for ji, we replace
those found from the Figs. 3.3 b, e, and f frozen phonon calculations with those calculated
using DFPT. For both the LDA and GGA, the energies predicted by DFPT at points b, e,
and f are increased with respect to the energies calculated using the frozen phonon method,
most significantly for point f . This has the effect of altering the energy landscape in the
vicinity of the Γ point, lowering this energy with respect to the surrounding energy in the
surrounding reciprocal space. This provides us with a better set of parameters which more
accurately predicts phonon dispersion for KNbO3. The Γ points for both LDA and GGA in
Fig. 3.5 represent the global minimum of energy indicating that the ferroelectric phase is
stable after incorporating the new ji parameters.
Figure 3.5 shows the phonon dispersion curves for KNbO3 generated using the updated
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Figure 3.5: Phonon dispersion curves for KNbO3 using the parameters derived from the LDA
(a) and GGA (b) with the j-parameters from the figure b, e, and f local mode calculations
replaced with those generated from the 40 atom DFPT calculations. The curves shows an
instability at the Γ-point located at q = p0, 0, 0q. The labels (a - f) indicate which local mode
arrangement from Fig. 3.3 is associated with point.
parameters for both LDA (a) and GGA (b). We see that the instabilities now lie at the
Γ point for both exchange-correlation functionals predicting a ferroelectric ground state for
both.
3.7 Elastic Stiffness Constants
The elastic stiffness constants for the perovskite crystal Cij are denoted by B11, B12, and
B44. Due to cubic symmetry, these are the only three independent elastic constants. They
are expressed in atomic units of energy (Hartree) [3]. We calculate these constants using
density functional perturbation theory (DFPT) in the linear response. The code applies
six finite distortions to the lattice and the elastic constants are derived from the associated
stress-strain relationship [141] as described in ref. [142]. The values for the elastic stiffness
constants are summarized in table 3.5. The values given by the VASP code are multiplied by
the volume of the cell to give the constants which are reported. Our parameters agree well
with those found from first-principles calculations [5]. The B11 and B44 coupling constants
shown in table 3.5 agree well with those reported from experimental Ref. [143] at 300 K,
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Table 3.5: Values of the elastic stiffness constants obtained from DFT. We compare to elastic
constants calculated by Ref. [5] using the ultrasoft psudopotential method in the LDA as
well as to experimental values reported in Ref. [143]. Units of the stiffness constants are Ha.
GGA LDA Ref. [5] Ref. [143]
B11 5.71 6.40 6.54 3.48
B12 1.11 1.12 0.96 -
B44 1.38 1.34 1.37 1.15
especially after taking into account the temperature dependence of the elastic constants. As
temperature decreases, the the lattice stiffens and the elastic constants get larger reaching a
maximum at 0 K [6].
One effect which can occur during first-principle calculations that can lead to an error in
the values of the elastic stiffness constants is called Pulay stress. The error originates from
the fact that the plane wave basis set is not complete with respect to the changes in the
volume of the cell. As a result, the diagonal elements of the stress tensor are all offset by
a constant amount. The Pulay stress, being isotropic, has the effect of decreasing the real
fully relaxed volume of the crystal as a whole. The way we remove the Pulay stress is by
setting the plane wave energy cutoff to a slightly larger value than the default, specifically
30% larger in order to ensure that we achieve full convergence of the stress tensor. [141,144]
We adopted this approach in our calculations by using an energy cut-off of 800 eV for this
set of calculations.
3.8 Strain-Local Mode Coupling Constants
The coupling between the local mode and the strain is described using the on-site interaction
by Eq. 2.23 where Blαβ are the coupling coefficients, l is the strain component and runs from
1 to 6, and α and β represent Cartesian coordinates. The three independent Blαβ are B1xx,
B1yy, and B4yz. We performed first-principles energy and force calculations for different
u in the range 0.00 - 0.06 in units of cubic lattice constant and for different amounts of
applied strain in the range -0.02 to 0.02. Specifically, we choose the Γ point local mode
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configuration (Fig.2a) and apply strain along the z direction for computing B3zz, the y
direction for computing B2zz, and the x-z direction (shear strain) for computing B5xz. These
coupling coefficients are equivalent to B1xx, B1yy and B4yz, respectively, as a result of cubic
symmetry and we report the coupling constants using the latter notation to conform to that
of Ref. [5]. By fitting the energy as a function of local mode using a 6th order polynomial,
we can extract the harmonic coefficient (κη) for each value of strain. We then fit the data
for κη as a function of relative strain using the following expression
κη pηq = κ0 +Blαβηl (3.12)
Equation 2.23 reduces to Eq. 3.12 for the case when the local mode u is constant. It is
found by taking the second order derivative of the total energy (Eq. 2.10) with respect to
the local mode (u) in the harmonic approximation. In this case, the anharmonic terms of
Eq. 2.12 are neglected, the derivative of the elastic energy with respect to local mode is zero,
and the second derivative of all terms harmonic in local mode are constant. The surviving
term which in linear in strain comes from the strain-local mode coupling energy (Eq. 2.23).
The slope of the line of best fit is therefore equal to the coupling coefficient Blαβ. Figure 3.6
shows the data for κ versus relative strain for the three sets of calculations along with the
linear regression.
A second method by which we determined the coupling coefficients was through a series
of DFPT calculations with various amounts of compressive, tensile, and shear strain applied
to the 5 atom unit cells. These calculations generate an IFC matrix which was diagonalized
using the standard LAPACK libraries yielding the respective eigenvalues for each value of
strain. The first set of calculations was done to find B1xx and B1yy, such that η1 6= 0.
From the 15 different eigenvalues, two of the negative eigenvalues which are degenerate
correspond to the case where the strained crystallographic direction and the direction of
the ionic displacement are perpendicular to one another; this corresponds to B1yy. Another
non-degenerate but negative eigenvalue corresponds to the configuration where the ionic
87
-0.05
-0.04
-0.03
-0.02
-0.01
 0
 0.01
 0.02
-0.025 -0.02 -0.015 -0.01 -0.005  0  0.005  0.01  0.015  0.02  0.025
K
a p
p
a  
[ H
a /
B
o
h
r2
]
Relative Strain [(a - alat)/alat]
B1xx
B1yy
B4yz
Figure 3.6: Results of frozen phonon calculations showing κη as a function of relative strain
used to determine the strain-local mode coupling constants.
displacements are along the same direction as the applied strain; this gives access to B1xx. A
second set of DFPT calculations was done for η4 6= 0, the case of shear strain on the unit cell
where the ionic displacements are along the [011] crystallographic direction in the y-z plane.
This set of calculations will produce the coefficient B4yz. For each case, the value of κη is
taken to be half of the eigenvalue and we again fit the data for κη as a function of relative
strain via Eq. 3.12 yielding B1xx, B1yy, and B4yz. Figure 3.7 shows the results of these LDA
DFPT calculations depicting κη versus η for the three different coupling constants. The
slope of each line gives the corresponding coupling constant.
Table 3.6 summarizes the final sets of strain-local mode parameters for the GGA and
LDA. Additionally, we include the coupling constants found from the 5 atom frozen phonon
calculations and also those found from the LDA calculations of Ref. [5].
Of the two methods we have followed to calculate the coupling coefficients, each has its
advantages. The frozen phonon method allows one to place the atoms at the exact locations
necessary to produce the desired local mode distortion. However this method requires data
fitting at two points in the process which could introduce additional error into the final
parameters. In the DFPT method, the eigenvector may be slightly different from the one
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Table 3.6: Blαβ parameters for KNbO3 using the GGA and the LDA. Other theoretically
calculated values are provided for comparison. The units of strain-local mode coupling
constants is Ha/a20.
GGA LDA LDA DFPT Ref. [5]
B1xx -3.19 -2.93 -2.86 -3.01
B1yy 0.043 0.39 0.35 0.33
B4yz 0.002 0.05 -0.003 -0.01
used to define u and the perturbations introduced by the code may not exactly represent the
desired local mode displacements. For B1xx and B1yy, the magnitude of the DFPT values
are smaller than those found using the frozen phonon method for both the LDA and the
GGA meaning that DFPT predicts a weaker coupling between the two phonon modes.
3.9 Parameter Assessment
The phonon dispersion curve calculations of section 3.6 provided a qualitative test of the ef-
fective Hamiltonian parameters by confirming that the lowest energy configuration of dipoles
is associated with ferroelectricity. We test both parameter sets to determine how well they
reproduce various static and dynamic properties of KNbO3 ( such as the spontaneous po-
larization, phase transition sequence, unit cell volume, transition temperatures, and phonon
89
Table 3.7: Complete list of effective Hamiltonian parameters for KNbO3 for LDA and GGA.
GGA LDA Ref [5]
alat 7.681 7.550 7.472 Lattice Constant
ξA -0.0920 -0.1730 0.18 Components
ξB -0.8150 -0.8080 0.80 of Soft Mode
ξ‖ 0.2067 0.3202 -0.31 Eigenvector
ξ⊥ 0.4924 0.3351 -0.37
α 0.4453 0.3475 0.378 Anharmonic
γ -0.7438 -0.5943 -0.613 Coefficients
B1xx -3.193700 -2.931760 -3.01 Coupling
B1yy 0.04280100 0.392880 0.33 Coefficients
B4yz 0.00153284 -0.0501142 -0.01
B11 5.7092387 6.40499696 6.54 Elastic
B12 1.11327531 1.11818552 0.96 Constants
B44 1.376800153 1.33974462 1.37
κ2 0.11013649 0.12139664 - Harmonic
j1 -0.01648479 -0.02117859 - On-site
j2 -0.07377966 -0.04880503 - and Short-Range
j3 0.00453245 0.00576144 - Interaction
j4 -0.00315302 -0.00397203 - Parameters
j5 -0.01851650 -0.01608666 -
j6 0.00143965 0.00179957 -
j7 0.00468119 0.00117830 -
Z∗ 9.92395 9.89223 - Born Eff. Charge
ε∞ 6.712 6.836 - Optical Dielectric Constant
M∗u 67.23432 66.89473 65.992 Local Mode Eff. Mass
M∗ηin 180.0010 180.0010 - Inhom. Strain Eff. Mass
frequencies ) at finite temperatures. The following sections will describe the results of this
testing. Table 3.7 provides a complete list of parameters obtained using both the GGA and
LDA as well as a comparison to Ref. [5] when available.
We first calculate the spontaneous polarization as a function of temperature using a
simulated annealing approach which allows us to determine the sequence of phase transitions
and associated transition temperatures. For this we use our effective Hamiltonian Molecular
Dynamics within an NPT ensemble. A bulk sample is simulated with supercell 16x16x16
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unit cells with periodic boundary conditions applied in all directions. A simulated annealing
starts at 400 K for LDA and 800 K for GGA and proceeds in 5 K decrements, using 40,000 MD
steps per temperature, until a temperature of 5 K is reached. The parameters listed in table
3.7 are used. Figure 3.8 depicts the polarization components as a function of temperature for
the LDA (a) and GGA (b) parameters. In the high temperature phase, all three components
of the polarization are zero which is indicative of the cubic phase. As the temperature is
lowered, the polarization develops a single non-zero component indicating a transition from
the cubic to the tetragonal phase below TC . Further reduction of the temperature results
in additional non-zero components of the polarization as the material undergoes additional
phase transitions into first the orthorhombic followed by the rhombohedral phases. The
temperatures at which these transitions occur correspond to the structural phase transitions
in KNbO3. Both sets of parameters yield the correct sequence of phase transitions from
cubic to tetragonal, tetragonal to orthorhombic, and finally orthorhombic to rhombohedral.
However, the LDA set of parameters severely underestimate the transition temperatures.
The GGA set underestimates transition temperatures from TC→T and TT→O while TO→R is
overestimated as seen in Fig. 3.8.
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Figure 3.8: Dependence of the polarization components on temperature for bulk KNbO3
using the LDA parameters (a) and GGA parameters (b). The vertical lines are the experi-
mental transition temperatures.
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The possible origin for the overestimation/underestimation of the transition temperatures
is found by examining the energy as a function of local mode for the 5-atom unit cell. The
depth of the well for the energy as a function of local mode plot shown in Fig. 3.9 can
be used to estimate the transition temperature by converting the energy from Hartree to
degrees Kelvin. A shallower energy well corresponds to a lower transition temperature. By
renormalizing the anharmonic coefficients in Eq. 3.2 to incorporate the effects of strain, we
can better estimate the transition temperatures. In Fig. 3.9, the solid lines represent data
in the absence of strain corrections while the dashed lines represent the strain-renormalized
energy curves. We notice that the inclusion of strain has the effect of lowering the energy
as a function of local mode. This lowering of the energy results from allowing for possible
additional relaxations of the system through the coupling of the soft mode to the acoustic
phonons [5]. For both the LDA and the GGA, the renormalized energy curves predict
a rhombohedral ground state consistent with experimental findings [137]. Comparing the
depths of the renormalized energy wells found using the LDA and GGA parameters, we find
that the change in energy relative to the energy of the ideal cubic is smallest for LDA. These
shallow energy wells result in the LDA parameters severely underestimating the transition
temperatures. The local mode values considered in the calculation of E puq were within
the range of -0.06 to 0.06 in units of the ideal cubic lattice constant. The local mode
displacements corresponding to the energy minima for the GGA are larger than those for
the LDA. Recalling that the dipole moment of the unit cell is proportional to the local mode
displacement explains the larger spontaneous polarization seen for GGA than for LDA in
Fig. 3.8.
Table 3.8 summarizes the data presented in Fig. 3.9 by including numerical values for
the energy minima and their corresponding local mode displacements as well as the changes
in energy and local mode resulting from the change in crystal symmetry. The change in
energy between the tetragonal-orthorhombic and orthorhombic-rhombohedral symmetries
can be used to qualitatively explain the temperature over which KNbO3 exists in a given
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Figure 3.9: Change in first-principles energy as a function of local mode for LDA (a) and
GGA (b). Solid (dashed) lines are in the absence (presence) of strain.
phase in Fig. 3.8. Comparing the magnitudes of the change in energy in the presence of
strain for LDA (∆ET→O compared to ∆EO→R) we see a larger change in going from the
tetragonal to orthorhombic symmetry which predicts that KNbO3 will be in the tetragonal
phase over a wider range temperature range. We see a similar trend when comparing the
changes in energy predicted by the GGA. In Fig. 3.8 we see a larger change in spontaneous
polarization in going from the tetragonal to the orthorhombic phase then from orthorhombic
to rhombohedral. We can again appeal to table 3.8 for an explanation. For both GGA and
LDA we see the largest change in the local mode displacement between the tetragonal and
orthorhombic symmetries. This larger displacement leads to a larger change in the average
dipole moment per unit volume.
Table 3.9 summarizes different static properties calculated through our effective Hamil-
tonian using the LDA and GGA parameters. Wherever possible, we have compared to
experimental values found in Ref. [137] and Ref. [145].
Figure 3.8 also allows for the analysis of the spontaneous polarization and comparison
to experimental values from Ref. [137] for the tetragonal and orthorhombic phases. Ta-
ble 3.9 lists the maximum spontaneous polarization for each phase; the maximum typically
corresponding to the polarization just before a phase transition. The spontaneous polar-
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Table 3.8: Energy minima, corresponding local mode, energy minima differences, and change
in local mode corresponding to energy minima differences for LDA, GGA, as well as LDA
and GGA incorporating the effects of strain. Energies are reported in eV and local modes
in units of the ideal cubic lattice constant.
GGA LDA GGA with η LDA with η
ETmin -0.0206818 -0.00276264 -0.0449962 -0.00634823
uTmin 0.0264432 0.0173187 0.0390495 0.0262631
EOmin -0.0355096 -0.00482561 -0.0574466 -0.00721979
uOmin 0.0346673 0.0229015 0.044092 0.028004
ERmin -0.0466606 -0.00642485 -0.0632833 -0.00756604
uRmin 0.0397699 0.0263832 0.0462531 0.0286643
∆ET→O -0.0148278 -0.00206297 -0.0124504 -0.00087156
∆uT→O 0.0082241 0.0055828 0.0050425 0.0017409
∆EO→R -0.0111510 -0.00159924 -0.0058367 -0.00034625
∆uO→R 0.0051026 0.0034817 0.0021611 0.0006603
Table 3.9: Some static properties of KNbO3 compiled from LDA, GGA, and from two
experimental references.
GGA LDA Ref [137] Ref [145]
Ps (T) 41.31 31.58 30 ± 2 - Spontaneous
Ps (O) 36.33 25.11 32 ± 3 - Polarization
Ps (R) 35.62 23.44 - - µC/cm
2
V (T) 68.729 64.202 64.911 - Unit cell
V (O) 68.925 64.246 - 63.6 Volume
V (R) 69.271 64.319 - - A˚3
C-T 620 K 235 K 708 K - Ferroelectric
T-O 435 K 115 K 498 K - Transition
O-R 345 K 80 K 263 K - Temperatures
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ization shows the correct trend with the values increasing with decreasing symmetry. The
spontaneous polarization for the tetragonal phase calculated using the LDA parameters,
Ps (T) = 31.58 µC/cm
2, compares particularly well with the experimental value of P expT =
30±2 µC/cm2 [137]. The measured spontaneous polarization of P expO = 32±3 µC/cm2 [137]
lies between that calculated for LDA and GGA, PGGAs (O) = 36.33 and P
LDA
s (O) =
25.11 µC/cm2 respectively.
Figure 3.10 shows the volume of the unit cell as a function of temperature calculated for
both sets of parameters. At the highest temperature, the material is in the cubic paraelectric
phase. In the cubic phase we see a different V pT q response for LDA and GGA. For the case
of LDA, a decrease in temperature leads to a decrease in the volume of the unit cell while for
GGA we notice increase in volume with decreasing temperature. Once the Curie tempera-
ture is reached, the volume changes abruptly as a result of the structural phase transition.
As the temperature is further reduced, the volume changes abruptly at the tetragonal to
orthorhombic and orthorhombic to rhombohedral transitions before approaching the ground
state value at 5 K. Table 3.9 lists for LDA and GGA the volumes calculated at the tem-
perature corresponding to the maximum value of polarization in each phase. The unit cell
volume for LDA, V(T) = 64.2 A˚
3
, agrees well with the experimentally measured value of
V expT = 64.9 A˚
3
from Ref. [137] taken for KNbO3 in the tetragonal phase. The volume of the
unit cell in the orthorhombic phase calculated using the LDA parameters, V(O) = 64.2 A˚
3
,
closely matches the experimentally measured volume from Ref. [145] of V expO = 63.6 A˚
3
for
the same phase. In conclusion, we find better agreement with experimental measurements
for the unit cell volume using our LDA parameters, though the GGA parameters provide a
better prediction of the transition temperatures.
3.10 Tuning TC through Scaling of Heff Parameters
At this point, we have calculated effective Hamiltonian parameters with the LDA and GGA
and assessed the accuracy of these parameters by using them to calculate a number of static
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Figure 3.10: Dependence of the unit cell volume on temperature for bulk KNbO3 using the
LDA parameters (a) and GGA parameters (b). The vertical lines are the computational
transition temperatures.
properties. The results from the simulations using the two parameters sets, while in qualita-
tive agreement, predict significantly different transition temperatures. The inaccuracy in the
transition temperature calculations is too large to allow ECE modeling. Given the variance
in the transition temperatures predicted by the two exchange-correlation energy approxima-
tions, we must look beyond first-principles calculations in order to achieve parameters which
more accurately describe the phase transitions in KNbO3 and it is unlikely that further DFT
calculations would correct this issue. The remedy is to tune the first-principles parameters
we have calculated from LDA and GGA to better reproduce the correct transition temper-
atures. To do this, we follow a two step process. Firstly, we rescale all the parameters in
such a way that the different energy terms in the effective Hamiltonian are scaled with the
same factor k. Specifically, we rescale the parameters so as to increase the contribution from
the long-range dipole-dipole interactions which favor the ferroelectric phase and decrease the
contribution form the short-range interactions which favor the cubic paraelectric phase. This
leads to the onset of ferroelectricity at higher temperatures where the thermal fluctuations
would destroy the polarization for the unscaled interactions. A factor of k > 1 is expected
to deepen the double wells of the energy profile (see Fig. 3.2 for example) and therefore in-
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crease the transition temperatures. This changes both the transition temperatures and the
spontaneous polarization since the former is related to the depth of the well while the latter
is proportional to the amplitude of the local mode. We run additional annealing calculations
using a range of scaling factors [1.42 - 1.48] to determine the one which provides the most
improvement. The best improvement was found for a factor of 1.44 for LDA and 1.050 for
GGA. The associated annealing data are presented in Fig. 3.11 where the vertical lines are
used to label the experimental transition temperatures [137]. The transition temperatures
for the LDA show a substantial improvement over those predicted by the unscaled first prin-
ciples parameters; the new transition temperatures being TC→T = 715 K, TT→O = 340 K,
and TO→R = 255 K. The scaled GGA parameters produce transition temperatures which are
closer to the experimental values of TC→T = 708K and TT→O = 498K [137], the new tran-
sition temperatures being TC→T = 705 K, TT→O = 505 K. However given that the method
we used to scale the effective Hamiltonian parameters moves all the transition temperatures
in the same direction and the unscaled GGA parameters overestimated the orthorhombic
to rhombohedral transition temperature, this transition temperature TO→R = 390 K is now
even further from the experimental value of TO→R = 263K [137].
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Figure 3.11: Dependence of the polarization components on temperature for bulk KNbO3
using the scaled LDA parameters (a) and GGA parameters (b). The vertical lines are the
experimental transition temperatures.
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Table 3.10: Complete list of universally scaled effective Hamiltonian parameters for KNbO3
for LDA and GGA.
GGA LDA Ref [5]
alat 7.681 7.550 7.472 Lattice Constant
α 0.424135 0.241335 0.378 Anharmonic
γ -0.708426 -0.412689 -0.613 Coefficients
B1xx -3.041619 -2.035944 -3.01 Coupling
B1yy 0.040762 0.272833 0.33 Coefficients
B4yz 0.001459 -0.034801 -0.01
B11 5.437370 4.447914 6.54 Elastic
B12 1.060262 0.776518 0.96 Constants
B44 1.311238 0.930377 1.37
κ2 0.11564331 0.1748111 - Harmonic
j1 -0.0086545 -0.0152485 - On-site
j2 -0.0387343 -0.0351396 - and Short-Range
j3 0.0023795 0.0041482 - Interaction
j4 -0.00165533 -0.0028598 - Parameters
j5 -0.00972116 -0.01158239 -
j6 0.00075582 0.00129568 -
j7 0.0024576 0.00084837 -
Z∗ 10.1690227 11.870676 - Born Eff. Charge
ε∞ 6.712 6.836 - Optical Dielectric Constant
M∗u 67.23432 66.89473 65.992 Local Mode Eff. Mass
M∗ηin 180.0010 180.0010 - Inhom. Strain Eff. Mass
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Another static property we calculated to serve as a basis for comparison to experiment is
the bulk modulus, defined as B(T ) = −V0 ∂P∂V where P and V in the derivative are tempera-
ture dependent. We find that V (P ) is linear so that the derivative is a constant; also since V
depends weakly on the temperature we use the 0 pressure volume V0 to calculate B. In our
effective Hamiltonian simulations P is the independent variable so we calculate the volume
of the unit cell for hydrostatic pressure, in the range 0.0 - 2.0 GPa, and take the inverse of the
derivative. Figure 3.12 shows the bulk modulus as a function of temperature for both sets
of parameters. The three minima in the data occur at temperatures in the vicinities of the
phase transitions and are due to the fact that the maximum change in unit cell volume occurs
when the structural changes are the greatest. As the temperature is decreased, the point
where B(T ) begins to decrease abruptly corresponds to the transition temperature. This is
where a change in the hydrostatic pressure will produce the largest change in the volume
of the unit cell. The temperature dependence of the bulk modulus agrees qualitatively with
experimental data for bulk BaTiO3 given in Ref. [146] where the minimum is centered at
approximately 130◦C, close to the experimental transition temperature of 120◦C [147]. Our
results for LDA (BLDA(O) = 111.22 GPa) and GGA (BGGA(O) = 104.76 GPa) underestimate
by 50% the experimental value of 190.4 GPa reported for KNbO3 in Ref. [145]. These mea-
surements were taken at ambient temperature where the bulk sample has the orthorhombic
crystal structure. The bulk moduli associated with the minima in Fig. 3.12 for both func-
tionals are given in table 3.11. The rate of change in B(T ) with respect to temperature near
the phase transitions is larger for the calculations using the GGA parameters than for LDA,
particularly for the tetragonal to orthorhombic and orthorhombic to rhombohedral phase
transitions owing to the more abrupt change in V (T ) seen in GGA as opposed to LDA at
the transition temperatures.
Next the data given in Fig. 3.12 are used to determine the thermal expansion coefficient
as a function of temperature, shown in Fig. 3.13. The thermal expansion coefficient, up to a
first order approximation, is defined as αexp pT q = 1V
`
∂V
∂T
˘
P
. We again see the maximum re-
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Figure 3.12: Dependence of the bulk modulus on temperature for bulk KNbO3 using the
scaled LDA parameters (a) and GGA parameters (b). The vertical lines are the computa-
tional transition temperatures.
sponse at the transition temperatures where the largest change in the volume of the unit cell
is seen. Table 3.11 lists all αexp associated with the three phase transitions seen in KNbO3
bulk. We compare our data to the experimental results of Ref. [148] and Ref. [149] which
reported thermal expansion coefficients of 0.322 x 10−5 K−1 for K0.95Li0.05Ta0.22Nb0.78O3 sin-
gle crystals and 1.4 x 10−5 K−1 for KNbO3 bulk in the orthorhombic phase respectively. Our
LDA parameters produce αexp = 3.59 x 10
−5 K−1 while GGA yields αexp = 1.19 x 10−5 K−1;
both results comparing well to Ref. [149] though a full order of magnitude larger then those
reported by Ref. [148]. These results also compare well with data found by measuring the
refractive index of KNbO3 and fitting the data with the first order derivative of a two pole
Sellmeier equation [150]. They too report a value of 1.4 x 10−5 K−1 for a sample at ambient
temperature of 22◦C.
Figure 3.14 shows the heat capacity as a function of temperature for the LDA (a)
and the GGA (b). The heat capacity at constant pressure is defined as CP = CE=0 =
1
V
´
∂UpotE
∂T
+ 15
2
kB
¯
where V is the unit cell volume, UpotE is the potential energy defined in
Eq. 2.10, and kB is Boltzmann’s constant. The factor of
15
2
reflects the fact that there
are 5 atoms per unit cell which each contribute 1
2
kB per degree of freedom to the kinetic
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Figure 3.13: Dependence of the thermal expansion coefficient on temperature for bulk KNbO3
using the scaled LDA parameters (a) and GGA parameters (b). The vertical lines are the
computational transition temperatures.
Table 3.11: Values for bulk modulus, thermal expansion coefficient, and heat capacity at
constant pressure of KNbO3 for LDA and GGA.
GGA LDA Ref. [148] Ref. [145] Ref. [149]
B (T) 97.06 102.86 - - - Bulk
B (O) 104.76 111.22 - 190.4 - Modulus
B (R) 108.64 113.89 - - - (GPa)
αexp (T) 11.6905 6.3060 - - - Thermal
αexp (O) 1.1903 3.5891 0.322 - 1.4 Expansion Coeff.
αexp (R) 1.0998 2.2477 - - - (x10
−5 K−1)
CP (T) 15.077 16.082 - - - Heat Capacity @
CP (O) 15.023 16.016 - - - Constant Pressure
CP (R) 14.975 15.991 - - - (MJ/K m
3)
energy. Within each phase, the UpotE pT q data are fit with a linear function, the slope being
equal to
∂UpotE
∂T
. The heat capacity for both LDA and GGA are proportional to temperature
in the ferroelectric phases. As the temperature of KNbO3 is raised, more energy must be
added to the material to bring about an equivalent change in temperature. At the transition
temperatures where the structural phase transitions occur, the CP pT q data are divergent
resulting from discontinuities in the UpotE pT q curves where the change in potential energy
with respect to temperature becomes large. Note that divergent points have been removed to
preserve scale. For the LDA calculations, the heat capacity becomes inversely proportional
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to the temperature in the cubic phase while for the GGA data it approaches a maximum
value of approximately 15.12 MJ/K m3. Table 3.11 lists the calculated heat capacities at
the transition temperatures.
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Figure 3.14: Dependence of the heat capacity on temperature for bulk KNbO3 using the
scaled LDA parameters (a) and GGA parameters (b). The vertical lines are the computa-
tional transition temperatures.
3.11 Further Tuning Through Scaling Blαβ
The next step in improving the predicted transition temperatures is to scale the strain-
local mode coupling coefficients, in particular B1xx and B1yy since they make the largest
contribution to the strength of the coupling. We chose to rescale the Blαβ for several reasons
: (I) We need parameters which are involved in renormalizing the energy surface in the
presence of strain which limits us to either the strain-local mode coupling coefficients or the
elastic constants (II) The elastic constants are found using a DFPT algorithm internal in the
VASP, the results of which are generally more reliable than the energy calculations outlined in
section 3.8 used to determine the Blαβ coefficients (III) The stability of the ferroelectric phase
is more sensitive to the values of the elastic constants than to the Blαβ parameters and even a
slight modification of the elastic constants could render the ferroelectric phases unstable (IV)
the elastic constants reported in table 3.10 agree well with the experimental values given in
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table 3.5 while experimental coupling coefficients are not readily available. The coefficients
were varied in the ranges of -1.758 to -4.102 and 0.234 to 0.546 for B1xx and B1yy respectively
corresponding to ± 40 % of their first-principles values. This has the effect of shifting the
transition temperatures with respect to one another, a relative shift rather than shifting all
transition temperatures by the same amount and in the same direction as before. We then
performed an extensive set of simulated annealing calculations, varying one parameter by
1 % while holding the other fixed, to determine which set produces the greatest improvement.
Figure 3.15 shows the spontaneous polarization as a function of temperature for the data set
yielded by the best combination of parameters, bringing the Curie temperature to within a
few Kelvin of the experimental value and improving the tetragonal to orthorhombic transition
temperature at the cost of decreasing the accuracy of the lowest transition temperature. The
final set of transition temperatures is TC→T = 705 K, TT→O = 420 K, and TO→R = 330 K.
Given that the improvement to the TC→T and TT→O transition temperatures for the GGA
parameters came at the cost of worsening the TO→R transition temperature, we decided not
to pursue any further rescaling of the Blαβ parameters.
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Figure 3.15: Dependence of the polarization on temperature for bulk KNbO3 using scaled
LDA parameters. The temperatures above the graph are the experimental transition tem-
peratures.
The coupling coefficients are summarized in table 3.12 listing the final scaled LDA and
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Table 3.12: Scaled strain-local mode coupling constants of the effective Hamiltonian.
scaled LDA original LDA % Change Units
B1xx -2.067 -2.93 29.5 % Ha/a0
2
B1yy 0.239 0.39 -38.7 % Ha/a0
2
Table 3.13: Complete list of transition temperatures for KNbO3 using unscaled LDA and
GGA parameters and at various stages of the scaling procedure. The last column are the
experimental transition temperatures.
GGA LDA GGA-Scaled Hˆeff LDA-Scaled Hˆeff LDA-Scaled Blαβ Ref [137]
C-T 620 K 235 K 705 K 715 K 705 K 708 K Ferroelectric
T-O 435 K 115 K 505 K 340 K 420 K 498 K Transition
O-R 345 K 80 K 390 K 255 K 330 K 263 K Temperatures
original LDA values as well as the percentage change from that predicted by first-principles.
The percent changes between the unscaled and scaled are relatively large, especially for the
B1yy coefficient though this does less than B1xx to scale the interaction energy term defined
in Eq. 2.23.
Table 3.13 codifies the transition temperatures associated with all sets of parameters
both scaled and unscaled. The transition temperatures for the final set of LDA parameters
represents a compromise with the error in the 2 low temperature phase transitions equally
distributed while maintaining the accuracy of the Curie temperature. The scaled GGA
parameters reproduce well the Curie point as well as the temperature for tetragonal to
orthorhombic transition. The LDA parameters in which no further scaling was done to
the Blαβ coefficients however predict the correct orthorhombic crystal symmetry at room
temperature, important for studies concerning possible ferroelectric device applications.
3.12 Dynamical Properties
Thus far the properties we have reported, i.e. spontaneous polarization, transition tem-
peratures, bulk modulus, thermal expansion coefficient, etc., have all been static in nature.
However, we are also interested in studying dynamic properties of KNbO3 such as the soft
phonon mode dynamics. In order to test how well our parameters reproduce the dynamic
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characteristics of KNbO3 we calculate the soft phonon mode frequency using several different
methods and compare our results to the experimental data of Ref [67] and previous theo-
retical work [5]. The first method we use is to calculate the frequencies analytically using
expressions derived from the effective Hamiltonian. To derive these expressions, we solve the
equations of motion for the local mode given by
M∗u
∂2u
∂t2
= −∇uHeff (3.13)
where
Heff = κu
2 + α′u4 + γ′
`
u2xu
2
y + u
2
yu
2
z + u
2
xu
2
z
˘
(3.14)
where u4 =
`
u2x + u
2
y + u
2
z
˘2
and the variable 9u is the first time derivative of the local soft
mode. The potential energy of Eq. 3.14 is that of Eq. 2.12 with a substitution made for the
anharmonic coefficients, α → α′ and γ → γ′. These parameters α′ and γ′ incorporate the
effects of strain, renormalizing the original anharmonic coefficients (α and γ) by adding terms
proportional and inversely proportional to the elastic constants and the strain-local mode
coupling constants [5]. These are defined in terms of the effective Hamiltonian parameters
as
α′ = α− 1
24
«
pB1xx + 2B1yyq2
B11 + 2B12
+ 2
pB1xx −B1yyq2
pB11 −B12q
ff
(3.15)
and
γ′ = γ +
1
2
«
pB1xx −B1yyq2
2 pB11 −B12q −
B4yz
2
B44
ff
. (3.16)
The energy in Eq. 3.14 is expanded in a Taylor series about the ground state value of the
local mode u0,α with the substitution τα = uα−u0,α. These ground state local mode is given
by [5]
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and
ux = uy = uz =
c
− κ
6α′ + 2γ′
(3.17)
for the rhombohedral ground state. The corresponding energies for the tetragonal and rhom-
bohedral ground states are
ET = − κ
2
4α′
(3.18)
and
ER = − κ
2
4 pα′ + γ′/3q (3.19)
The frequency of the A1 mode is given by
ωA1 =
d
− 4κ
M∗u
(3.20)
and the E mode is given by
ωE =
d
2κγ′
M∗u p3α′ + γ′q (3.21)
for the rhombohedral ground state. The A1 mode describes the case where the local
mode vibrates along the direction of the polarization while ωE corresponds to the vibrations
of the local mode perpendicular to the direction of polarization. We calculate the frequencies
analytically using Eq. 3.21 by first computing the dynamical mass of the local mode using
Eq. 3.20 solved for M∗u using the first-principles DFPT values for ωA1 . The first 2 columns of
table 3.14 are the phonon frequencies calculated for the unscaled LDA and GGA parameters,
the next 2 columns for the case in which all Heff parameters have been scaled by the same
factor, and the 5th column the frequencies incorporating the additional scaling of the Blαβ
parameters. Equation 3.21 predicts νE soft mode frequencies which are lower than those
found through DFPT and from Raman spectroscopy measurements reported in Ref. [67].
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Table 3.14: Phonon frequencies of KNbO3 for LDA and GGA. Reference [67] reports soft
mode phonon frequencies at 300 K found through Raman spectroscopy.
GGA Heff LDA Heff LDA Blαβ GGA LDA GGA LDA
GGA Heff LDA Heff Scaled Scaled Scaled DFPT DFPT MD MD Ref [5] Ref [67]
ωA1 5.25 5.47 5.25 5.47 5.47 5.25 5.47 5.93 5.07 29.59 6.15 Phonon Freqs.
ωE 2.33 1.69 2.33 1.69 1.94 5.20 4.55 2.60 1.56 10.49 5.25 THz
The universal scaling has no effect on the frequency of the E mode since the parameters
used to calculate νE are all scaled by the same amount and the differences cancel out. The
additional scaling of the Blαβ parameters shifts the frequency of νE up slightly from 1.69 THz
to 1.94 THz. We find the best agreement for the νE mode with experiment using the GGA
parameters though the calculated frequencies are still about half what is found using DFPT.
We also calculated the 0 K phonon modes using DFPT as implemented in the VASP (for
details of the calculation see section 3.2) with the unit cell having rhombohedral symmetry.
Using the knowledge that ωE and ωA1 are the soft mode frequencies which are the lowest
energy transverse optical modes, we select the lowest frequency optical phonon modes. Of
these 3 phonon frequencies, 2 are degenerate corresponding to ωE since 2 directions are
perpendicular to the polarization; the remaining phonon frequency describing the ωA1 mode.
The DFPT results agree well with experiment.
The two methods for calculating ωA1 and ωE are limited to 0 K as they are, in the first case
calculated analytically using the ground state of the effective Hamiltonian, or in the latter
case calculated directly from first-principles. Next we test how well our parameters reproduce
the soft mode frequencies in KNbO3 at finite temperatures. To determine this we calculate
the dielectric response of the material using effective Hamiltonian Molecular Dynamics (for
details of the calculation see 4.1.4) as proposed in Ref. [121]. This is done using the parameter
sets in which the scaling has been applied to all of the effective Hamiltonian parameters
with no additional scaling to the Blαβ coefficients. The values reported in table 3.14 were
calculated at 5 K. We find that the frequencies calculated using Hamiltonian Molecular
Dynamics agree well with those calculated analytically using Eqs. 3.20 and 3.21. The
frequency of the A1 mode for LDA and GGA agree well with the A1 frequencies calculated
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from DFPT.
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4 Ferroelectric Nanowires
In section 1.4 we discussed the experimental fabrication and characterization techniques
used in the study of ferroelectric nanowires while section 1.5 was devoted to explaining
current and possible applications. In this chapter, we explore both fundamental properties
and nanoscale device applications of ferroelectric nanowires using our effective Hamiltonian.
These theoretical findings provide insight into the static and dynamic properties of nanowires
which could aid in the design of development of devices and help guide future research, both
theoretical and experimental, into ferroelectric nanowires.
4.1 Fundamental Properties
In the following sections we discuss various fundamental properties of ferroelectric nanowires
including size dependence of the transition temperature, smearing of the phase transition and
dielectric response, emergence of polydomain vortex states, as well as the soft mode phonon
frequency dynamics under different mechanical boundary conditions and in the presence of
an electric field.
4.1.1 Electric Properties of Ferroelectric Nanowires
We begin our investigation of fundamental properties by examining the equilibrium proper-
ties of nanowires. It has been learned in the recent decades that ferroelectricity, which was
once thought to vanish at a small scale due to the decreased long-range ordering of dipoles,
is actually stable in nanostructures down to a few cells [69]. Experimental measurements
show that bulk BaTiO3 undergoes a sequence of phase transitions starting from paraelectric
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cubic to a ferroelectric tetragonal phase transition at 393 K, followed by a transition to a
ferroelectric orthorhombic phase at 273 K, and a transition to a ferroelectric rhombohedral
phase at 183 K [147]. However, ferroelectricity has been found to exist in ultra-thin BaTiO3
nanowires down to diameters ∼ 1.2 nm [151]. In BaTiO3 nanowires with polarization per-
pendicular to the nanowires axis, atomic force microscopy has been used to determine that
the Curie temperature is depressed as the nanowire diameter dnw decreases [63]. This 1/dnw
scaling is illustrated in Fig. 4.1 (a) where for smaller diameters the transition temperature
is strongly dependent on the diameter, this effect reaching saturation in the bulk limit.
To calculate the size dependence of the Curie temperature, we simulate nanowires made
of BaTiO3 ferroelectric perovskites modeled with a NxN unit cells square lateral cross-section
and grown along the [001] pseudocubic direction where N ranges from 5 to 100 unit cells
(1.98 to 39.54 nm). Nanowires made of BaTiO3 have been synthesized experimentally [49].
Infinitely long nanowires are simulated using periodic boundary conditions applied along the
nanowire’s axial direction (z-direction in our case). The use of periodic boundary conditions
models a nanowire with an aspect ratioD/L 1, whereD and L are the nanowire’s diameter
and length respectively. We used a first-principles based effective Hamiltonian method in the
framework of classical Molecular Dynamics as described in chapter 2. We simulate nanowires
with realistic open-circuit electrical boundary conditions by screening 10% of the surface
charge [68]. This percentage of surface charge screening models a situation where nanowires
are surrounded by a non-conducting medium such as air. A small concentration of molecular
adsorbates and ionic vacancies would account for a small amount of partial surface charge
screening. We begin our simulated annealing at 525 K and decrease the temperature in steps
of 10 K (300,000 MD steps per temperature) until the temperature reaches 10 K. Figure 4.1
(b) shows computational data for the Curie temperature as a function of temperature for
BaTiO3 nanowires of different diameters.
18Figure 4.1 (a) has been previously published in J. E. Spanier, A. M. Kolpak, J. J. Urban, I. Grinberg, L.
Ouyang, W. S. Yun, A. M. Rappe, and H. Park, “Ferroelectric phase transition in individual single-crystalline
BaTiO3 nanowires,” Nano Letters, vol. 6, p. 735, 2006., and has been reproduced with permission from the
American Chemical Society
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Figure 4.1: (a) Curie temperature as a function of diameter in BaTiO3 nanowires [63]. The
solid circles are the experimentally determined TC , the error bars are the uncertainties, and
the solid line is the result of the fit using the 1/dnw scaling relation. (b) Computational
Curie temperature as a function of diameter for BaTiO3 nanowires under realistic open-
circuit boundary conditions, 10% screening.
This 1/dnw scaling in ferroelectric nanowires can be attributed to a reduced correlation
length in the nanowires. A variational method was used to solve for the Euler-Lagrange
equation for the polarization by varying the polarization of the free energy functional ∆G =
∆GV + ∆GS where ∆GV represents the bulk part and ∆GS the surface part of the free
energy variation [152]. It was found that in ferroelectric nanowires the short-range forces are
strengthened in the lateral direction (resulting from bond contraction) while the long-range
forces are enhanced along the axial direction (resulting from the elongation of bonds in the
longitudinal direction). This causes the long-range correlations to become more pronounced
in the axial direction (polar direction for the case of open-circuit boundary conditions) in
comparison to the short-range forces. Since the long-range interactions favor the ferroelectric
phase while the short-range forces favor the cubic phase, the ferroelectric phase is stabilized
at lower temperatures as the diameter of the nanowire decreases. They also found that when
considering transition temperature as a function of the radial and longitudinal dimensions of
the nanowire, separate terms arise describing the shift in TC due to correlation effects as well
as the depolarization field. Since these terms are always negative, they can only decrease
111
the transition temperature with respect to TC in a bulk ferroelectric sample. The TC ph,Rq
dependence in the limit that the nanowire length is much greater than the radius (h  R)
also suggests that as the nanowire radius increases the shift in the transition temperature is
smaller approaching 0 in the bulk limit. This agrees well with the experimental data shown
in Fig. 4.1 (a).
4.1.2 Smearing of the Phase Transition and the Dielectric Response
We simulate three nanowires of fixed diameter made of PbTiO3, BaTiO3, and KNbO3 fer-
roelectric perovskites with a square lateral cross-section of 12x12 unit cells. We follow a
similar approach from the previous section using periodic boundary conditions and realistic
open-circuit boundary conditions within Molecular Dynamics simulations. Nanowires made
of KNbO3 [50] and PbTiO3 [47] have been synthesized experimentally. We cross-checked
our results using a 12x12x24 supercell and found no dependence on the size of the supercell
along the periodic direction. To elucidate the effect of reduced dimensions, we compare our
nanowire data to that of bulk. The three materials we simulate are chosen as representatives
of ferroelectrics with single (PbTiO3) and multiple (BaTiO3 and KNbO3) phase transitions.
Experimentally, bulk PbTiO3 undergoes a single transition from a paraelectric cubic to a
ferroelectric tetragonal phase at 763 K [153]. Bulk KNbO3 exhibits the same sequence of
phase transitions as BaTiO3, but at elevated temperatures of 708 K (the Curie point), 498 K,
and 263 K [137].
We first investigate the sequence of phase transitions in nanowires using the simulated
annealing approach. In such an approach the simulations begin at a temperature well above
the Curie point and proceeds in steps of 5 K decrements until the simulated temperature
reaches 5 K. For each temperature 3×105 MD steps are used. The temperature evolution of
the polarization obtained from the annealing simulations is given in Fig.4.2. For comparison
19Sections 4.1.2 and 4.1.3 have been adapted from work which was previously published in R. Herchig,
C.-M. Chang, B. K. Mani, and I. Ponomareva, “Electrocaloric effect in ferroelectric nanowires from atomistic
simulations,” Scientific Reports, vol. 5, p. 17294, 2015., and has been reproduced with permission from the
Nature Publishing Group
112
we also include data for bulk. Note that the bulk material is simulated by applying periodic
boundary conditions along all three Cartesian directions. Figure 4.2(a) shows the data for
PbTiO3 nanowire and the bulk. It demonstrates that the reduction in dimensionality leads
to a decrease in transition temperature and a smearing of the phase transition [154]. The
term smearing refers to the shift towards a more 2nd order type of phase transition behavior
in the P (T ) curves. The decrease in transition temperature is in a qualitative agreement
with the predictions from the semi-phenomenological theory [152,155,156]. For the BaTiO3
nanowire (see Fig.4.2(b)) we find very little change in the ferroelectric transition temperature
as compared to the bulk. However, the phase transition sequence is drastically different
from the one in the bulk. We do not find any polarization along the nanowire’s truncated
dimensions due to a prohibitively large depolarizing field associated with the chosen electrical
boundary conditions. The ferroelectric transition in the nanowire has a slightly smeared
character as compared to bulk. KNbO3 nanowire data are given in Fig.4.2(c) and exhibit
trends similar to the BaTiO3 nanowire. In particular, the ferroelectric phase transition
appears to be smeared, while no polarization is developed along the nanowire’s truncated
dimensions.
To gain further insight into the ferroelectric phases and phase transitions character we
computed dielectric constant ε33 for all nanowires and their bulk counterparts using a direct
simulation approach. In such an approach the electric field is applied along the z− Cartesian
direction in increments of 36 kV/cm, while the polarization is computed for each value of
the electric field. For each electric field increment 5×105 MD steps are used. The zero field
slope in the polarization versus electric field data is used to calculate the dielectric constant.
The data are given in Figs.4.2(d)-(f). For the PbTiO3 nanowire we observe a smearing of
the dielectric constant; a broadening and shortening of the peak in the ε(T ). A sharper
peak corresponds to a more 1st order transition while a broader peak indicates a more 2nd
order transition. Similar trends were also observed for the ferroelectric thin films [157].
For the BaTiO3 nanowire the smearing of the dielectric constant is less pronounced. The
113
 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  200  400  600  800 1000
P
o
l a
r i
z a
t i
o
n
 (
µ C
/ c
m
2
)
Temperature (K)
(a) PbTiO3
 0
 10
 20
 30
 40
 50
 0  150  300  450  600
P
o
l a
r i
z a
t i
o
n
 (
µ C
/ c
m
2
)
Temperature (K)
(b) BaTiO3
Px bulk
Py bulk
Pz bulk
Pz wire
 0
 10
 20
 30
 40
 50
 0  200  400  600  800 1000
P
o
l a
r i
z a
t i
o
n
 (
µ C
/ c
m
2
)
Temperature (K)
(c) KNbO3
0.0
0.5
1.0
1.5
2.0
2.5
 0  200  400  600  800 1000
ε *
1
0
3
Temperature (K)
(d) PbTiO3
bulk
wire
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
 0  150  300  450  600
ε *
1
0
3
Temperature (K)
(e) BaTiO3
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
 0  200  400  600  800 1000
ε *
1
0
3
Temperature (K)
(f) KNbO3
Figure 4.2: Dependence of the polarization components on the temperature in bulk and
nanowires (a)-(c). Dependence of the dielectric constant on the temperature in bulk and
nanowire (d)-(f).
dielectric constant of KNbO3 nanowire is also smeared, though not as strongly as PbTiO3.
For comparison, in nanowires composed of K0.52Na0.48NbO3 the dielectric response exhibits a
peak at 555◦C with a value of about 825 in dimensionless units [50] which agrees qualitatively
with our data where we see a peak at around 515◦C.
4.1.3 Emergence of Toriodal Moment of Polarization
In the case of BaTiO3, we notice a small peak in the dielectric constant around 120 K. To
trace the origin of the peak we turn to the dipole pattern evolution which reveals that at
135 K the nanowire undergoes a transition into a polydomain phase that is best described
by a combination of two order parameters - the polarization and the toroidal moment of
polarization [70], G. The toroidal moment of polarization is defined as G = Z
∗
2N
∑
i ri × ui,
where N is the number of unit cells and ri is the location of the local mode i [70]. In this
case both order parameters align along the nanowire’s axial direction. The temperature evo-
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lution of the toroidal moment of polarization is given in Fig.4.3(c)-(d). A similar transition
occurs in KNbO3 nanowire at a higher temperature of 420 K. Previous studies involving
Pb(Ti0.6Zr0.4)O3 nanodots [68] and nanodisks and nanorods [70] have found similar dipole
patterns having a toroidal moment of polarization of 27 and ∼ 25 eA˚2 respectively. These
values compare well with our values of 28 eA˚
2
for BaTiO3 nanowires and 36 eA˚
2
for KNbO3
nanowires. A similar polydomain state has been found experimentally in Pb(Ti0.6Zr0.4)O3
nanodot arrays which agree with our results for BaTiO3 and KNbO3 nanowires qualitatively
showing a similar dipole pattern [53].
 
 ~E ↑ ~E(a) (b)
(c) (d)
Figure 4.3: Dipole patterns for BaTiO3 at (a) 5.0 K and (b) 200.0 K. Toroidal moment of
polarization for BaTiO3 (c) and KNbO3 (d).
Our computational data predict that ferroelectric nanowires with a poorly compensated
surface charge develop ferroelectric phases with a polarization along the axial direction.
Nanowires, made of materials which undergo multiple phase transitions in bulk, may de-
velop polydomain phases with multiple order parameters. The common features are the
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smearing of the phase transition and the dielectric constant, strongest in PbTiO3. They
can be attributed to the decrease in the correlation length due to the reduced dimensional-
ity. Previously, the correlation effects were found to decrease the transition temperature in
nanorods [152]. Smaller correlation lengths are usually associated with diffuse phase transi-
tions [2]. Interestingly, ferroics with smeared phase transitions are quite desirable for caloric
applications as they usually demonstrate a broadened caloric response [158].
4.1.4 Soft Mode Dynamics in Electrically Biased Ferroelectric Nanowires
As previously mentioned, the width of the imaginary part of the dielectric response func-
tion determines the frequency range for which ferroelectric materials are sensitive to THz
radiation. This frequency range is an important characteristic in the design of THz radia-
tion sensors [104,159] and piezoelectric sensors [160–162]. Ferroelectric materials could also
be used in the design of THz radiation waveguides which offer unique advantages for bio-
chemical sensing, non-invasive imaging, and spectroscopy applications [163]. Ferroelectric
nanowires offer the additional advantages of allowing for the design of nanoscale versions of
these devices as well as increased tunability of the frequency response and phase transition
temperatures.
Experimental studies on SrTiO3 single crystals have found that the dielectric permittivity
can be tuned through the application of an external electric field [164]. This change in
dielectric permittivity is inversely proportional to the soft mode frequency and proportional
to the oscillator strength ∆ε = S0
ν20
. Upon cooling a ferroelectric, the frequency of the
soft mode decreases leading to an increase in the dielectric response. However in order
to stay within a specified temperature range, other methods must be used to tune the
dielectric response. The application of an electric field to ferroelectric nanowires offers an
energy efficient means of controlling the dielectric response which could in turn be used to
create solid state variable capacitors “varactors” or improve the design of already existing
technologies such as THz radiation sensors and piezoelectric sensors.
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To determine the tunability of the frequency dependent dielectric response in the PbTiO3
nanowires, it is necessary to study the soft mode dynamics, ω pEq since this determines the
bandwidth over which these devices operate. We have completed calculations for PbTiO3
bulk and nanowires both in the presence and absence of an electric field at 300 K. The dc
field used in our simulations varies in strength from 50 - 150 % of the polarization reversal
field for the PbTiO3 nanowire at ambient temperature. The aim of this study is to determine
what is the effect of an electric field on the soft mode dynamics in both bulk and nanowires.
We performed classical Molecular Dynamics calculations using the first-principles based
approach of Ref. [121, 123] using the effective Hamiltonian [3] outlined in section 2.2.2. We
simulated nanowires made of PbTiO3 with square cross-sections of 21.8 nm
2 and bulk crystals
with supercells 21.8 nm3. Bulk PbTiO3 crystal is simulated by applying periodic boundary
conditions along all three crystallographic directions, while for nanowires periodic boundary
conditions were applied only along the axial direction, [001] in our case. We first perform
simulated annealings using an NPT ensemble, constant number of particles, pressure, and
temperature. The simulated annealings were run from 1250 K down to 5 K in steps of
5 K. For each temperature we used 40,000 MD steps with a time step of 1.0 fs. The Curie
temperature was found to be 605 K for bulk and 540 K for the nanowire. The experimental
transition temperatures for PbTiO3 are 763 K for bulk [153] and 747 K for nanowires [165].
The results from the simulated annealing provide the equilibrated dipole configurations for
all temperatures in the range considered to be used for further calculation of the frequency
dependent dielectric response. Specifically, we follow the method of [121] outlined in section
2.3.3 to calculate the autocorrelation functions which are Fourier transformed to produce
ε pωq. This data is fit with the single Lorentzian oscillator function defined in Eq. 2.49 to
find the characteristic frequency ν0, damping constant γ0, and oscillator strength S0.
These calculations were performed for PbTiO3 in both bulk and nanowire geometry in the
temperature range of 1250 - 5 K and under a biased field with strengths from 194.22 kV/cm
- 496.34 kV/cm. We simulated electric fields applied parallel to the direction of the initial
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polarization vector first and then the field direction was changed to being anti-parallel to
P. As a basis of comparison we also ran calculations in the absence of an external electric
field. In our previous study [166] we found that for a ferroelectric nanowire polarized along
the axial direction, the strength of the bias field required to reverse the direction of the
polarization decreases linearly with temperature. This field is referred to as the polarization
reversal field, or PRF. This dependence is the same as that found in experimental results for
ultrathin ferroelectric polymers [167]. For such films, the intrinsic coercive field was found
to decrease linearly as the temperature is increased to the Curie point. The bias fields used
in this study were chosen to represent different percentages of the electric field required to
completely reverse the polarization in the PbTiO3 nanowire, specifically from 45 to 115 %
of this threshold field at 300 K. At 300 K 100 % of this threshold field is sufficient to reverse
the polarization; for lower temperatures where the system has less thermal energy the corre-
sponding PRF is higher since the dipoles are more stable in their current configuration. For
higher temperatures, the increased thermal energy in the system allows for the polarization
to be reversed with a lower dc field than the PRF at 300 K.
Figures 4.4 and 4.5 show the characteristic frequency as a function of temperature for
several representative electric fields for bulk and nanowires respectively. The zero field ν0 pT q
curves are also included for comparative purposes. Comparison of the figures for bulk and
nanowires confirms that the change in geometry affects the Curie temperature, shifting it
to lower temperatures for the nanowire. We found a shift in the Curie temperature of 65 K
in going from bulk to nanowire. The degree of softening of the optical phonon mode also
changes from bulk to nanowires with the mode reaching a lower minimum frequency for the
former.
The presence of the bias field also strongly influences the soft mode frequency for both
systems. In general, the effect of the bias field is to shift the ν0 pT q curves with respect
to their zero electric field positions. For the electric field and polarization anti-parallel
(parallel), the curves are shifted to the left (right). The discontinuity in the curves for the
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Figure 4.4: Characteristic frequency of the soft mode as a function of temperature for bulk
PbTiO3 with electric field parallel (a) and anti-parallel (b) to the polarization.
anti-parallel polarization and electric field vectors is due to the reversal of the polarization
in the nanowire. Technically, the nanowire undergoes a transition from a metastable state
with the polarization and electric field vectors being anti-parallel to a state with the vectors
aligned in parallel. The temperature at which this transition occurs is determined by the
PRF at the given temperature. Since the PRF decreases as the temperature of the nanowire
increases, for larger bias fields the discontinuity occurs at lower temperatures. After the
polarization reverses, the dynamics are essentially the same as for the case of the electric
field parallel to the polarization.
We found that for both the nanowire and bulk, the mode softening at the Curie tem-
perature lessens with increasing bias field strength. In other words, the ν0 pT q branches are
shifted to higher frequencies with respect to the zero field curves for temperatures in the
vicinity of the transition temperature (see Figs. 4.4 and 4.5). Though the minimum char-
acteristic frequency at the transition temperature for each curve increases with the electric
field, it does so less as the field strength gets larger. Quantitatively, for the nanowire the
mode frequency increases by approximately 0.1 THz for every 100 kV/cm that the bias field
is increased. Similarly, the transition temperature is also shifted to higher values as a result
of the electric field. For instance, the transition temperature for the nanowire is 55 K higher
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Figure 4.5: Characteristic frequency of the soft mode as a function of temperature for PbTiO3
nanowire with electric parallel (a) and anti-parallel (b) to the polarization.
for the 302 kV/cm curve than for the 194 kV/cm branch in Fig. 4.5. In a study which used a
Green’s functions method to examine the electric field dependence of the Curie temperature
in displacive ferroelectrics, it was determined that the shift in the Curie temperature under
an applied field was a result of anharmonic effects of the lattice [168]. In their model, the
relative magnitudes of the anharmonic coefficients govern the change in Curie temperature
in the presence of an electric field.
4.1.5 Effect of Mechanical Boundary Conditions on the Soft Mode Dynamics
of PbTiO3 Nanowires
In a typical ferroelectric, the soft mode phonon which is responsible for ferroelectricity is
strongly coupled to the acoustic phonons. As explained in section 1.2.1, this produces a
coupled ferroelectric phase transition in which the dynamics of the soft mode phonon will
exhibit a strong dependence on the mechanical boundary conditions such as hydrostatic pres-
sure, stress, and strain [169]. Various studies concerning the effects of mechanical stresses,
strains, and pressures on the frequency dynamics in ferroelectric bulk crystals have found
that these dynamics are strongly influenced by the mechanical boundary conditions. Raman
spectroscopy has shown that the soft mode frequency in bulk ferroelectrics is proportional
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to positive uniaxial stress [170] and compressive hydrostatic pressure [171]. Bulk polycrys-
talline BaTiO3 samples showed a shift in frequency of the lower νA1(TO) branch of about
30 cm−1 over a change in pressure of 9 GPa. First-principles DFT calculations on PbTiO3
at 0 K revealed a colossal enhancement of piezoelectricity resulting from hydrostatic pres-
sure [172]. Raman spectroscopy has also been used to determine the effect of stress [173] and
epitaxial strain [174] on PbTiO3 thin films. Reference [173] found that a biaxial stress of
≈ 1 GPa resulted in a shift in the soft mode frequency of about 6.3 cm−1. In the epitaxially
strained PbTiO3 thin films, the range of strains considered was between -1% to 1% over
which the soft mode frequency change was about 20 cm−1. While studies on ferroelectrics
with bulk and thin film geometries are relatively numerous [170, 171, 173, 174], studies con-
cerning the effects of mechanical boundary conditions on ferroelectric nanowires are more
limited [57, 175, 176]. Given the strong depolarizing field present in ferroelectric nanowires
under open-circuit boundary conditions resulting in a reduced correlation length for the po-
larization, the soft mode dynamics are likely to be significantly distinct from those in bulk
and thin film geometries.
Recent studies on PbTiO3 nanowires have revealed that negative hydrostatic pressure,
once thought to be unachievable in experiment, can be created through the structural tran-
sition from a lower density PX phase to a higher density perovskite phase in PbTiO3
nanowires [175]. The phase transition begins at the surface of the nanowire and contin-
ues inward causing the difference in densities between the two phases to induce a negative
pressure while the transition occurs. This study found a large enhancement in the tetrag-
onality (c/a ratio) which is attributed to the large induced negative pressure, however, the
exact origin of the increased tetragonality remains unclear. The work also revealed a de-
pendence of the soft mode frequency on the pressure, though the proposed analysis was
unable to decouple the size effects from those resulting from the induced negative pressure.
It was hypothesized that this method of producing hydrostatic negative pressure could be
further extended to other ferroelectric materials [176]. This was confirmed by subsequent
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experiments on PbTiO3, Pb(TixZr1−x)O3, and BaTiO3 in which an enhancement in the
c/a ratio, spontaneous polarization, and the piezoelectric constants was found for nanowires
made of these materials [57]. Phenomenological studies have been carried out on ferroelectric
nanowires, in the context of Ginzburg-Landau theory, which have determined that biaxial
compressive stress enhances the coercive electric field and remnant strain, while biaxial ten-
sile stress has contrary effect [177]. If hydrostatic pressure is applied, increase in surface
tension due to a decrease in the size of the nanowire, both the coercive field and remnant
strain decrease. While these studies provide valuable insight into the effects of mechani-
cal boundary conditions on the properties of ferroelectric nanowires, the effect of pressure,
stress, and strain on the soft-mode dynamics remains unexplored. A comprehensive, atom-
istic study addressing the exact nature of the effect of mechanical boundary conditions on
the soft mode frequency dynamics in ferroelectric nanowires is necessary. The goals of this
study are to: (i) to determine the equilibrium phases in PbTiO3 nanowires subjected to
different mechanical boundary conditions (ii) compare these dynamics with the limiting case
of bulk PbTiO3.
We simulate PbTiO3 nanowires under different mechanical boundary conditions using
the first-principles-based effective Hamiltonian for PbTiO3 [178] extended to nanostructures
in Ref. [179] and outlined in section 2.2.2 with classical Molecular Dynamics (MD) [119,121].
We apply realistic open-circuit electrical boundary conditions (10% surface charge screen-
ing) under which the nanowires develop a spontaneous polarization along the axial direction
in the absence of a hydrostatic pressure, mechanical stress, or strain. The dimensions of
a nanowire is 20x20x12 (square lateral cross-section of 60.6 nm2) with periodic boundary
conditions applied along the axial (z) direction. In addition to the energy terms described
in section 2.2.2, the Hamiltonian used in this work contains a +σjη
hom
j term which gives the
interaction of the homogeneous strain variables, ηhomj , with the external stress given by the
stress tensor σj. In order to allow for comparison with previous work [169] concerning the
effects of pressure on bulk PbTiO3, we assign a positive sign to compressive stress and a neg-
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ative sign to tensile stress. The PV term explained in section 2.3.2 characterizes the energy
contribution due to the external hydrostatic pressure P and the volume of the supercell V .
The Hamiltonian for PbTiO3 correctly predicts different structural, thermodynamical, and
dynamical properties of PbTiO3 bulk including the polarization, Curie point, tetragonality,
and the soft mode frequencies [178]. It has also been used previously to study dynami-
cal properties in PbTiO3 nanowires [166] as well as static properties such as spontaneous
polarization and static dielectric response [180].
The effective Hamiltonian is used to calculate the force-field for the PbTiO3 nanowires
using a local mode mass taken from [178] since it reproduces soft mode frequencies which
agree well with both first-principles calculations and experiment. We first use MD to obtain
the equilibrium dipole configurations within a given thermodynamical ensemble. Depending
on the specified mechanical boundary conditions, we simulate an NPT (constant number
of particles, pressure, and temperature), NσT (constant number of particles, stress, and
temperature), or an NηT (constant number of particles, strain, and temperature) ensemble.
Within the NPT ensemble, we apply an Evans-Hoover thermostat [119] and a barostat [121]
which is mimicked by the PV term in Eq. 2.10 to simulate the effect of hydrostatic pressure
on the soft mode dynamics. The NσT is simulated by applying a thermostat while introduc-
ing a non-zero stress to the supercell defined in the σjη
hom
j term of the effective Hamiltonian.
The NηT ensemble is simulated through application of a thermostat while simultaneously
fixing some components of the homogeneous strain tensor; this simulates an epitaxial strain.
The nanowire is slowly annealed from 1200 K down to 10 K in steps of 10 K using 100,000
MD steps (50 ps with a time step of 0.5 fs) per temperature, sufficient to reach equilibrium.
These equilibrium configurations are then used to initialize the subsequent 2.1 ns MD
calculations in which the dipole moment of the supercell is used to calculate the autocor-
relation functions in accordance with the method outlined in [121] and section 2.3.3. One
crucial difference between our calculations and that of Ref. [121] is our use of the various
thermodynamical ensembles to maintain the specified mechanical boundary conditions. The
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autocorrelation functions are then Fourier transformed in order to obtain the complex di-
electric response ε pν0q as explained in section 2.3.3. We fit the complex dielectric response
data with a damped harmonic oscillator function defined in the same section in order to
determine the characteristic soft mode frequency at each temperature.
The pressure and stresses we apply are within the range accessible in experiments. For
example, in a recent study involving PbTiO3 nanowires, a hydrostatic pressure of 4.5 GPa
was achieved [175]. Ab-initio studies done on BaTiO3, PbTiO3, and Pb(TixZr1−x)O3 found
that the perovskite unit cell was structurally stable under hydrostatic pressures of up to
-5 GPa [57]. We apply external pressure and stresses in the range of -2 GPa to 2 GPa
which for ferroelectric perovskites is within the linear regime [175]. Negative values of
pressure/stress correspond to expansion/tension while positive values correspond to con-
traction/compression. For uniaxial stress, we chose one component of the stress tensor to
be non-zero. We simulate uniaxial stress along one of the lateral directions as well as the
axial direction of the nanowire. The epitaxial strain is applied within the range of -2 % to
2 % relative to the computational zero Kelvin lattice constant of cubic PbTiO3 with the sign
convention that negative strain corresponds to compression and positive strain to tension.
The strains are also chosen to model realistic experimental conditions [181,182].
In a recent paper, the soft mode dynamics of PbTiO3 bulk was studied for uniaxial and
biaxial stresses, uniaxial and biaxial strains, as well as hydrostatic pressure [169]. This
study revealed a strong dependence of the soft mode frequency on the mechanical boundary
conditions as well as the temperature. The present work systematically explores the effects
of hydrostatic pressure, stress, and strain on the soft mode dynamics in PbTiO3 nanowires.
4.1.5.1 Hydrostatic Pressure
We begin our study with the case of positive and negative hydrostatic pressure. In order
to understand the frequency dynamics in the PbTiO3 nanowire under hydrostatic pressure,
we first examine how the pressure affects the structural properties of the nanowire. Due
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to the strong coupling between the soft mode and the acoustic phonons, the structural
distortions of the unit cell influence the behaviour of the soft mode phonon frequencies.
Figure 4.6 (a) shows the c/a ratio as a function of temperature for representative values
of hydrostatic pressure. The tetragonality is increased for negative pressure compared to
the case of zero pressure while compressive hydrostatic pressure, by contrast, decreases the
tetragonality. Our results for the tetragonality as a function of temperature agree qualita-
tively with the experimental results of Ref. [175] for PbTiO3 nanowires under tensile pressure.
Figure 4.6 (b) shows the spontaneous polarization as a function of temperature for the same
values of pressure referenced in Fig 4.6 (a). The increased tetragonality resulting from a
larger displacement of charge leads to a larger spontaneous polarization compared to P =
0 GPa. On the other hand the polarization is diminished for positive pressure resulting from
a smaller relative displacement of the oppositely charged ions.
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Figure 4.6: The c/a ratio (a) and spontaneous polarization (b) for PbTiO3 nanowire as a
function of temperature for different hydrostatic pressures.
For all pressures within the range of -2 GPa to 2 GPa we observe a single phase transi-
tion from a paraelectric cubic Pm−3m to a ferroelectric tetragonal P4mm phase. The Curie
temperature as a function of hydrostatic pressure is given in Fig 4.7. We find that TC de-
pends linearly on the applied pressure, with an increase in pressure resulting in a decrease
in the Curie temperature. These results agree with the phenomenological model of Ref. [2]
as well as those found through effective Hamiltonian Molecular Dynamics calculations for
PbTiO3 bulk [169]. Positive pressure favors the short-range interactions while negative pres-
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sure favors the long-range interactions. It is this increased contribution from the short-range
interactions which leads to a decrease in the Curie temperature while the enhanced role of
the long-range dipole-dipole interactions give rise to the increase in TC [2].
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Figure 4.7: Transition temperature as a function of hydrostatic pressure for PbTiO3
nanowire.
Having established how the structural properties of the unit cell depend on the applied
pressure, we now turn to examining its effect on the soft mode dynamics. Figure 4.8 (a)
depicts the square of the soft mode frequency as a function of the hydrostatic pressure
for both tensile (negative) and compressive (positive) pressure. Throughout the project,
we only report the frequency of the lowest frequency transverse optical modes which are
usually labeled (1TO); for convenience we have omitted this label. The lower frequency
mode (νA1) is the frequency of ionic vibrations parallel to the direction of polarization while
the higher frequency mode (νE) represents the frequency of ionic vibrations perpendicular
to the direction of polarization. Surprisingly, we see that the frequency of the E mode is
much higher than that of the A1 mode, contrary to what is known for bulk ferroelectrics
[169, 171, 174]. This effect is exactly the same as TO-LO mode splitting for small wave
vectors. More precisely, the larger depolarizing field along the truncated directions leads to
a significant hardening of the E mode. Figure 4.8 (a) shows that as the hydrostatic pressure
increases from -2.0 GPa to 2.0 Gpa, the νA1 mode softens or decreases in frequency. This
can be understood by considering the c/a ratio and the spontaneous polarization for the
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PbTiO3 nanowires as a function of hydrostatic pressure shown in Figs. 4.6 (a) and (b)
respectively. As the pressure increases, the polarization in the nanowire decreases. The
increase in hydrostatic pressure favors the short-range forces which leads to mode hardening
and a decrease in the polarization. Negative hydrostatic pressure, by contrast, favors long-
range forces conducive to mode softening and an increased polarization. This is consistent
with the 0 K findings of Ref. [172] where it was shown that a large hydrostatic pressure
leads to a decreased polarization in PbTiO3. Our computational data for the dependence of
the A1 mode frequency on the hydrostatic pressure agrees well with the results for PbTiO3
bulk under hydrostatic pressure within the same range [169]. The same linear behavior is
seen for both systems with the soft mode frequency decreasing as the pressure increases,
though the frequency of νA1 is slightly higher in the nanowires than in bulk. Surprisingly,
the νE mode is unaffected by the change in hydrostatic pressure and the frequency remains
constant throughout the entire range of pressures. This insensitivity of the E mode to the
hydrostatic pressure is related to the finite size of the nanowire and the fact that the pressure
is applied equally to all sides of the nanowire. Figure 4.8 (b) shows the spontaneous strain
as a function of temperature for several representative values of hydrostatic pressure. We
find a large value of the η3 component for each pressure while the η1 and η2 components
remain relatively unchanged upon the application of pressure. The nanowire is better able to
accommodate the hydrostatic pressure along the truncated directions associated with η1 and
η2 while the axial direction associated with η3 is strongly affected by the pressure. It is this
relatively small change in the unit cell dimensions along the lateral directions which leads
to an insensitivity of the E mode to the pressure while the large change in the dimensions
along the axial direction leads to a pressure dependence of the A1 mode.
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Figure 4.8: (a) Soft mode frequency squared as a function of hydrostatic pressure for rep-
resentative temperatures; colors differentiate temperatures. (b) Spontaneous strain as a
function of temperature for representative values of the hydrostatic pressure.
4.1.5.2 Uniaxial Stress : Lateral Directions
We next turn to examining the soft mode dynamics under uniaxial stress in the range
of -2.0 GPa to 2.0 GPa acting on the planes perpendicular to the [100] crystallographic
direction (x-axis in our simulations). Note that the convention used in this project which
assigns positive (negative) values to compressive (tensile) stress is used to keep with the sign
convention used to describe hydrostatic pressure. We adopt this sign convention throughout
the entire project. Figure 4.9 shows data for the cell parameters ax, ay, and az of the unit cell
for uniaxial stresses 2.0, 0.2, -0.6, and -2.0 GPa. The horizontal line represents the value of
the cubic lattice constant. In going from an applied stress of 2.0 GPa to -2.0 GPa, we see the
deformation of the unit cell change from being expanded along the axial direction to being
expanded along the lateral direction. The degree of unit cell distortion varies depending on
the amount of applied stress and for the entire range of stresses considered, we find that
ax 6= ay 6= az. The uniaxial stress has the effect of lowering the symmetry with respect to a
free nanowire.
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Figure 4.9: Unit cell parameters as a function of temperature for uniaxial stresses σ = 2.0 Gpa
(a), σ = 0.2 Gpa (b), σ = -0.6 Gpa (c), and σ = -2.0 Gpa (d) acting on the planes perpen-
dicular to the [100] direction. Horizontal dashed line represents the cubic lattice constant.
The uniaxial stress applied to the planes perpendicular to the [100] direction changes the
nature of the phase transitions in the PbTiO3 nanowire significantly. Figure 4.10 gives the
Curie temperature as a function of the uniaxial stress. We find that for uniaxial stress greater
than or equal to -0.2 GPa, the nanowire exists in a monodomain state. For this range of
stresses we observe a similar linear dependence of the Curie temperature on the perturbation
as we did for the case of hydrostatic pressure except that an increase in uniaxial stress leads
to an increase in TC . The application of compressive uniaxial stress causes an increase in the
Curie temperature with a change of 80 K in going from -0.2 GPa to 2.0 GPa. However, when
we apply tensile uniaxial stress, we see no transition into the tetragonal ferroelectric phase
but rather to a polydomain vortex state with counter-clockwise rotation of polarization.
The polarization vortex state points along the −zˆ direction. This change in behavior of
the system, transitioning from the ferroelectric tetragonal to the polydomain phase with a
polarization vortex, occurs between -0.2 and -0.4 GPa of uniaxial stress.
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Figure 4.10: Transition temperature as a function of uniaxial lateral stress acting on the
planes perpendicular to the [100] direction for PbTiO3 nanowire.
The monodomain state in Fig. 4.10 found within the range σ = -0.2 GPa to 2.0 GPa is
best characterized by the spontaneous polarization order parameter defined as P = Z∗
∑
i ui
where Z∗ is the Born effective charge and ui is the ith local mode. Figure 4.11 (a) shows
the spontaneous polarization as a function of temperature for uniaxial stress with the zero
stress data is given as a reference. The nanowire undergoes a phase transition at 630 K from
the paraelectric P4/mmm phase into the ferroelectric Pmm2 phase. At 100 K the spontaneous
polarization is about 76.6 µC/cm2. Comparing the spontaneous polarization to the case of
zero stress, we see that the compressive stress increases the polarization due to the increased
tetragonality. The polarization is effectively zero for tensile stress for all temperatures con-
sidered. The origin of this zero polarization can be understood by recognizing that the dipole
configuration for the polarization vortex is characterized by another order parameter, the
toroidal moment of polarization. It is defined as G = Z
∗
2N
∑
i ri×ui, where N is the number
of unit cells and ri is the location of the ith local mode [70]. The component of polarization
along the axial direction for the vortex states found for uniaxial stress within the range -0.4
to -2.0 GPa averages to zero since roughly as many dipoles posses a positive z component as
130
do a negative one. Figure 4.11 (b) shows the toroidal moment of polarization as a function
of temperature for uniaxial stress. For the case of σ = 0 GPa, the toroidal moment of polar-
ization is zero. As the external stress on the supercell is decreased the toroidal moment takes
on a non-zero value below the Curie temperature reaching a maximum of 1.76 eA˚
2
at 0 K
for the case of σ = −0.6 GPa. For σ= -2 GPa, the nanowire develops a double polarization
vortex state in which one vortex run clockwise and the other counter-clockwise polarized in
the zˆ and −zˆ directions. Due to the opposite chirality of these vortex states the toroidal
moment of polarization is on average zero through the cancellation of G and −G.
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Figure 4.11: Spontaneous polarization (a) and toroidal moment of polarization (b) vs. tem-
perature for nanowire under uniaxial stress acting on the planes perpendicular to the [100]
direction.
We next turn to the effect of uniaxial stress applied to the planes perpendicular to the
[100] direction on the soft mode dynamics of the nanowire. Figure 4.12 (a) shows the square
of the soft mode frequency as a function of the applied uniaxial stress. Within the stress
range of -0.2 to 2.0 GPa, the dependence of νA1 on the uniaxial stress is similar to bulk
PbTiO3, a linear dependence with the frequency increasing as the pressure increases [169].
As with the case of the E mode found under applied hydrostatic pressure, the B1 mode is
insensitive to the applied stress. This could be due to the influence of the depolarizing field
which lessens the effects of the mechanical stress on the soft mode frequency. Note that
due to the lack of symmetry between the 3 cell parameters in Fig. 4.9 we expect to see a
total of 3 modes present for σ ≥ -0.2 GPa in the monodomain phase, 1 low frequency mode
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and 2 high frequency modes. The small differences between the ax and ay cell parameters
result from small changes in the strain between the 2 directions which would cause the
peaks associated with oscillations along each direction to be very close to one another. Our
method of determining the soft mode frequency by fitting the imaginary part of the complex
dielectric response with a damped harmonic oscillator does not have sufficient resolution to
discern separate peaks. The abrupt change in the soft mode frequency between -0.2 and
-0.4 GPa is indicative of a structural phase transition. It is within this range of stresses
that we see the change in the nanowire from transitioning from the ferroelectric tetragonal
to the polarization vortex state. For σ ≤ -0.4 GPa, the nanowire exists in the polydomain
state characterized by the toroidal moment of polarization, G. We find that the lower
frequency mode is associated with the dipole vibrations parallel to G. The higher frequency
mode is associated with dipole vibrations along the lateral directions. Interestingly, the
significant decrease in the mode frequency for the polydomain state may suggest a new way
to identify such vortex states. The toroidal moment of polarization found in the vortex
state is typically associated with an ultra low frequency soft mode, as we see in Fig. 4.12
for stresses less than -0.2 GPa. Below -0.2 GPa, the lack of symmetry resulting from the
formation of the polydomain state does not allow us to identify the proper mode labels and
we will refer to them simply as the high and low frequency modes. For negative stresses,
the high frequency mode shows a temperature dependence and the mode hardens slightly
with decreasing stress. The low frequency mode shows a small dependence on the stress,
also increasing with decreasing stress.
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Figure 4.12: Frequency squared as a function of uniaxial stress applied to the planes perpen-
dicular to the [100] direction for representative temperatures. Note that in the polydomain
phase (σ < -0.2 GPa) the frequencies could not be labeled.
4.1.5.3 Uniaxial Stress : Axial Direction
To further explore the effect of uniaxial stress on the PbTiO3 nanowires, we next simulate
tensile and compressive stress acting on the planes perpendicular to the [001] direction (axial
direction of the nanowire). Figure 4.13 (a) shows the unit cell parameters as a function of
temperature for 2.0 GPa of compressive axial stress. The stress compresses the unit cell
along the z direction while expanding the unit cell in the x and y directions. Note that for
all axial stresses, the cell parameters in the x and y directions are approximately the same
due to the equivalence of these directions by symmetry. The data for σ3 = 0.2 GPa is shown
in panel (b) of Fig. 4.13. Here we see the same distortion of the unit cell as for σ3 = 2.0 GPa
but the magnitude of the distortion is reduced. For panel (c), σ3 = −0.6 GPa, the unit cell
is expanded in the z direction. Figure 4.13 (d) shows data for the case of -2.0 GPa axial
stress for which the expansion in the axial direction is increased.
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Figure 4.13: Unit cell parameters as a function of temperature for uniaxial stresses
σ = 2.0 Gpa (a), σ = 0.2 Gpa (b), σ = -0.6 Gpa (c), and σ = -2.0 Gpa (d) acting on
the planes perpendicular to the [001] direction. Horizontal dashed line represents the cubic
lattice constant.
For the case of uniaxial stresses acting on the planes perpendicular to the [100] direction,
we found that the nanowire transitions into a ferroelectric tetragonal state for stresses greater
than 0.4 GPa. In contrast, when the uniaxial stress acts on the planes perpendicular to the
[001] direction, it is for stresses below 0 GPa that we see a transition into the tetragonal
ferroelectric state. This is illustrated by Fig. 4.14 where we have plotted the Curie temper-
ature as a function of the axial stress. For positive axial stress, the nanowire transitions into
the polydomain phase with a single polarization vortex with the axis of rotation oriented
along the nanowire axial direction. For both positive and negative stress, we find a linear
dependence of TC on the applied stress, however the change in TC is larger for tensile stress
compared to compressive stress.
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Figure 4.14: Transition temperature as a function of axial stress acting on the planes per-
pendicular to the [001] direction for representative temperatures for PbTiO3 nanowire.
Figure 4.15 (a) shows the spontaneous polarization as a function of temperature for
representative axial stresses of σ = 2.0, 0.0, and -2.0 GPa. For an applied stress of -2.0 GPa,
the dipoles are in a monodomain state with the polarization vector in the zˆ direction. Figure
4.15 shows an increased spontaneous polarization resulting from the large tensile stress as
compared to the σ = 0 curve. When a stress of 2.0 GPa is applied, the dipoles are in
a polarization vortex state which produces no net polarization. This can be seen from
the σ = 2.0 GPa curve in Fig. 4.15 (a) in which the polarization remains at zero for all
temperatures. In Fig. 4.15 (b) the toriodal moment of polarization data is shown for σ =
-2.0 and 2.0 GPa. For the case of negative axial stress where the spontaneous polarization
takes on a finite value, the toriodal moment of polarization is zero. By contrast, when we
apply a compressive stress along the axial direction, a vortex of polarization is induced and
the toriodal moment of polarization is non-zero.
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Figure 4.15: Spontaneous polarization (a) and toroidal moment of polarization (b) vs. tem-
perature for nanowire under uniaxial stress acting on the planes perpendicular to the [001]
direction.
Next we turn to examining the soft mode dynamics of the PbTiO3 nanowire under axial
stress. Figure 4.16 reports the square of the soft mode frequency as a function of the
axial stress for representative temperatures. Comparing the data from Figs. 4.12 and 4.16,
we notice that due to the symmetry of the nanowire the transition into the monodomain
state is now seen for negative stresses while lateral stress produced a monodomain state
for σ ≥ −0.2 GPa. We see that for compressive axial stress, the polydomain vortex state
significantly decreases the frequency of vibration parallel to the nanowire axis while the
influence of the depolarizing field hardens the high frequency mode. For negative axial stress,
we again see the linear dependence of the B1u mode on the applied stress as well as a softening
of the mode with increasing temperature. This is the same behaviour found in PbTiO3
bulk under tensile stress in the tetragonal ferroelectric phase [169]. Under compressive
stress however, the PbTiO3 bulk transitions into a ferroelectric tetragonal state below the
Curie temperature and the polarization vortices are not found for negative uniaxial stress.
Consequently, the mode softening in PbTiO3 bulk is not as drastic as in the nanowires since
it is this polydomain state which softens the frequency of the mode. The B2u mode also
hardens slightly with increasing tensile axial stress. The temperature dependence of the B2u
mode is less pronounced compared to that of the B1u mode.
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Figure 4.16: Frequency squared as a function of uniaxial stress acting on the planes perpen-
dicular to the [001] direction for representative temperatures.
4.1.5.4 Epitaxial Strain
Having analyzed the effects of hydrostatic pressure as well as uniaxial stress on the soft
mode dynamics in a PbTiO3 nanowire, we next turn to examining how the presence of a
biaxial strain applied in the x-z plane of the nanowire affects these dynamics. Specifically, we
apply epitaxial strain by simulating a PbTiO3 nanowire grown on the surface of a substrate
along the [010] direction (y-axis in our case). Figure 4.17 shows a schematic diagram of a
nanowire grown on a substrate which would produce an epitaxial strain in the X-Z plane
of the nanowire. Ferroelectric 1-D nanostructures have been grown experimentally on the
surface of a substrate, as arrays of BaTiO3 nanowires [49] and PbTiO3 nanotubes [183]. We
apply strain within the range of -2% to 2% in steps of 0.02% where the negative (positive)
values corresponds to compressive (tensile) strain.
SUBSTRATE
ො𝑥
ො𝑦
Ƹ𝑧 PTO  NANOWIRE
Figure 4.17: Schematic diagram of a nanowire grown on a substrate producing an epitaxial
strain in the X-Z plane of the nanowire.
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To understand the soft mode dynamics under epitaxial strain, we begin with structural
characterization of the nanowire. Figure 4.18 (a)-(d) shows the cell parameters as a function
of temperature for representative strains of η = 0.02 (a), η = 0.01 (b), η = -0.01 (c), and
η = -0.02 (d) applied epitaxially in the x− z plane of the nanowire. For all applied strains,
the ax and az cell parameters are fixed to the lattice constant of the substrate to provide the
desired strain. For 2.0% strain, the ax and az parameters are increased with respect to the
cubic lattice constant while the ay parameter is reduced. In this case we find the nanowire to
be in the monodomain state with the polarization pointing along the axial direction. As the
strain is reduced to 1.0%, the distortion of the unit cell is reduced and the cell parameters
are closer to the cubic values as compared to 2.0% strain. Figure 4.18 (c) shows the cell
parameters under -1.0% strain; here we see that the unit cell distortions are reversed for
negative strain such that ay is larger than the cubic lattice constant while ax and az are
smaller. This reversal of the cell distortions results in the phase transition to the vortex
states with no net polarization. As the strain is further decreased to -2.0%, we find that the
unit cell is expanded in the y direction and further contracted along z.
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Figure 4.18: Unit cell parameters as a function of temperature for biaxial strain η = 0.02
(a), η = 0.01 (b), η = -0.1 (c), and η = -0.02 (d) applied in the x− z plane of the nanowire.
Horizontal dashed line represents the cubic lattice constant.
The Curie temperature as a function of epitaxial strain is plotted in Fig. 4.19 over the
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range of -2% to 2% strain. For strains of 0.4% and smaller, the nanowire transitions into a
polydomain phase; a polarization vortex. For strain larger than 0.4%, the nanowire is in the
ferroelectric Pmm2 phase below the Curie temperature. Within the range of epitaxial strains
of 0.6% to 2.0%, the Curie temperature shows a strong linear dependence on the strain
increasing with increasing strain. Our data suggest the epitaxial strain has a larger effect
on the static properties than the stress. The Curie temperature changes by 330 K over the
range of strains of η = 0.4% to 2.0% compared to a change of 230 K seen for the application
of axial stress over the range of σ = 0 to 2.0 GPa. PbTiO3 bulk show a similar trend with
the transition temperature increasing linearly with respect to positive biaxial strain [169].
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Figure 4.19: Transition temperature as a function of biaxial strain for PbTiO3 nanowire.
Next we study the effects of the epitaxial strain on the soft mode frequency. The square
of the soft mode frequency vs. the biaxial strain is shown in Fig. 4.20. For the case of
biaxial strain, we observe sudden changes in the soft mode frequency resulting from abrupt
structural changes associated with phase transitions. Due to the symmetry of the nanowire
and the biaxial strain, we observe 3 distinct phonon modes as opposed to the case of uniaxial
stress acting on planes perpendicular to the [001] direction in which we find only 2. For
strains within the range of η = -2.0% to η = 0%, we find 1 low frequency mode and 2
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higher frequency modes. For strains greater than η = 0%, we find 2 low frequency modes
with similar frequency and 1 high frequency mode. For η ≥ 0.6% where we find a non-
zero value for P, the separation in frequency of the low frequency modes is diminished as
the temperature increases. This separation between the low frequency modes goes to 0 at
TC . In the polydomain phase, we observe the extreme softening of the low frequency mode
associated with the polarization vortex.
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Figure 4.20: Frequency squared as a function of biaxial strain applied along the x and z
directions for representative temperatures.
We have examined the effect of various mechanical boundary conditions on the struc-
tural parameters and soft mode dynamics in PbTiO3 nanowires. We found that depending
on the particular type of mechanical boundary condition, the nanowire can exhibit either
monodomain or polydomain vortex phases which is drastically different from the bulk sample
and originates from the critical role of the depolarizing field. For monodomain phases the
Curie temperature was found to depend linearly on the pressure, stress, or biaxial strain, in
agreement with findings for bulk PbTiO3 [169]. We found a rich variety of dipole patterns,
particularly for the polydomain states with the dipoles arranged in single and double polar-
ization vortices depending on the type and strength of the mechanical boundary conditions.
Small positive values of biaxial strain yield a dipole pattern with both a toroidal moment of
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polarization as well as a spontaneous polarization. The soft mode frequency dynamics are
also strongly affected by the mechanical boundary conditions. In particular we find that the
frequency of the E mode in the P4mm phase is significantly larger than the A1 mode which is
in contrast with bulk PbTiO3. This striking finding is attributed to the presence of the de-
polarizing field along the truncated directions which leads to mode hardening. Where the A1
mode with atomic vibrations along the axial direction responds to mechanical deformations
similar to bulk, the E mode with vibrations along the lateral directions is significantly less
dependent on the mechanical deformations. Another remarkable finding is that in the poly-
domain phase, the mode associated with ionic vibrations perpendicular to G has relatively
low frequency which may open a way to a new identification technique for such phases.
4.2 Proposed Applications
The following sections explore possible applications of ferroelectric nanowires such as nanoscale
THz radiation sensors and logical elements which could be used to create ultra-dense com-
puter memory. These applications are specific to ferroelectric nanowires and exploit their
unique properties which were discussed in sections 1.4 and 1.5.
4.2.1 Ferroelectric Nanowires for Terahertz Sensors
From the perspective of nanoscale applications, ferroelectric nanowires are also attractive as
functional elements for nanoscale sensors. Similar to bulk ferroelectrics, the sensing potential
of ferroelectric nanowires derives its origin from the dependence of the spontaneous polariza-
tion on the stress, strain and temperature [162]. One attractive feature which distinguishes
ferroelectric nanowires from their bulk counterparts is the dependence of the nanowires’ fer-
20Content from section 4.2.1 has been adapted from work which was previously published in R. Herchig, K.
Schultz, K. McCash, and I. Ponomareva, “Terahertz sensing using ferroelectric nanowires,” Nanotechnology,
vol. 24, p. 045501, 2013., and has been reproduced with permission from IOP Science Publishing
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roelectric properties on their size which offers opportunities for creating nanoscale devices
with enhanced tunability [67, 74]. The purpose of this study was to investigate the temper-
ature and polarization response in ferroelectric nanowires through the application of a THz
electric field pulse. We develop a mathematical model to approximate the resulting change in
temperature and corresponding change in polarization under adiabatic conditions. Finally,
we examine the potential for using these nanowires for nanoscale THz sensing applications.
We explored the possibility of polarization control via THz pulses by doing a system-
atic study of the interaction of a Gaussian shaped electric field pulse with nanowires of 2
different diameters. We simulated nanowires made of Pb(Ti0.6Zr0.4)O3 with square lateral
cross-sections of 4.8 and 6.4 nm. The nanowires are grown along the [001] crystallographic
direction with [100], [101], and [001] corresponding to the x, y, and z directions respec-
tively. The surface charge is partially screened in order to realistically simulate open-circuit
boundary conditions. Under these boundary conditions the nanowires are known to develop
polarization along the axial or [001] direction [73]. Nanowires made of PbTiO3 were found
to have the same symmetry, exhibiting a tetragonal structure and polarized along the axial
direction [47].
Prior to studying the dynamics, the Pb(Ti0.6Zr0.4)O3 nanowires were equilibrated within
an isothermal-isobaric ensemble. To achieve this we perform a simulated annealing in which
the initial temperature of the nanowires was 2000 K. The nanowires were cooled down to
10 K in steps of 5 K using an Evans-Hoover thermostat [119, 184] and a barostat which
was created using a PV term in the effective Hamiltonian was used to maintain constant
pressure [121]. We used 40 000 MD steps for each temperature with each MD step being 1.0
femtosecond.
We developed a computational approach to study the intrinsic dynamics of the nanowires
due to the applied electric field. The nanowires were subjected to a time-dependent Gaussian-
shaped electric field pulse in the THz frequency range. The pulse was modeled using the
equation
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E ptq = E0e−p
t−t0
τ q2 cos pωtq (4.1)
where E0 is the amplitude of the electric field, ω = 2piν is its frequency, t0 is the time
around which the Gaussian pulse is centered, and τ is the full width at half maximum.
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Figure 4.21: Time evolution of the polarization and temperature in 4.8 nm thick nanowire
subject to pulses with τ = 4 ps and E0 =0.5 MV/cm and frequencies ν = 1 THz (panels (a)
and (b)) or ν = 4 THz (panels (c) and (d)).
Figure 4.21 shows the polarization and temperature as a function of time for the 4.8
nm thick Pb(Ti0.6Zr0.4)O3 nanowire. Initially, the nanowires temperature is 300 K and the
polarization is P0 = −0.84 C/m2. A THz Gaussian pulse with parameters E0 = 0.5 MV/cm,
τ = 4 ps, and ν = 1 THz (panels (a) and (b)) and ν = 4 THz (panels (c) and (d)) is
applied to the nanowire under adiabatic conditions. Figure 4.21 reveals that the nanowire
responds differently to the electric field pulse of different frequency. For Pb(Ti0.6Zr0.4)O3 the
intrinsic frequency is between 3.5 and 4.0 THz. Interestingly, depending on how close the
pulse frequency is to the characteristic frequency of the material, the nanowire reacts to the
stimulus of the pulse in different ways. The 1.0 THz pulse is well outside this range which
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causes the temperature and the polarization to oscillate in phase with the electric field. For
the higher frequency pulse (ν = 4 THz) the polarization and temperature oscillations lag
behind the electric field. This implies a difference in the interaction mechanism between the
two cases. For the lower-frequency pulse no energy is absorbed by the nanowire during the
interaction since the dipoles are able to keep up with the oscillations of the electric field.
For the higher frequency pulse the dipoles are not able to adjust to the oscillations of the
electric field and energy is consequently absorbed by the electric field. As energy is absorbed
from the electric field, the temperature of the nanowire increases from 300 K to 390 K.
This in turn causes the polarization to increase from its original value to P = −0.82 C/m2.
This suggests that the presence of the 4.0 THz pulse has been “imprinted” in the nanowire.
This change in polarization in ferroelectric nanowires in response to a THz pulse could find
potential application in nanoscale THz radiation sensors.
In order to gain a quantitative understanding of how the THz pulse interacts with the
nanowire, we begin with the first law of thermodynamics dU = dQ + EdD, where dU is
the internal energy of the nanowire, dQ is the quantity of heat received, and E and D
are the electric and electric displacement fields respectively. Under adiabatic conditions in
which no heat is allowed to be exchanged, dQ = 0 indicating that the change in the internal
energy of the nanowire is entirely due to the work done by the electric field, dU = EdD. To
estimate the change in the nanowires internal energy during one period of the electric field
T = 2pi
ω
, we first assume that the electric field given by Eq. (4.1) can be approximated by
E ptq = A ptiq cos pωtq where A ptiq is the average field amplitude during the time ti − T2 to
ti +
T
2
. This essentially amounts to assuming that 2pi
ω
 τ , or that the period of oscillations
of the electric field are much shorter than the duration of the entire pulse. The response of
the nanowire to the periodic field becomes D ptq = Aε0 ptiq rε1 cos pωtq+ ε2 sin pωtqs where ε1
and ε2 are the real and imaginary parts of the complex dielectric response function ε pω, T q.
Under this approximation we have ∆UT =
∫
T EdD = A
2 ptq ε2ε0 ω2 where A ptq = E0e−p
t−t0
τ q2
is the Gaussian function. We can then calculate the total change in the internal energy of
144
the nanowire due to its interaction with the pulse as
∆U =
∫ ∞
−∞
u ptq dt = E20ε2ε0ω2 e
−2t20
τ2
∫ ∞
−∞
e
−2t2
τ2 e
4t0
τ2
tdt =
c
pi
8
ε2(ω, T )ε0E
2
0τω (4.2)
given that 2pi
ω
 τ . The change in the nanowire temperature can then be expressed
in terms of the change in internal energy as ∆T = ∆U
CP
where CP is the heat capac-
ity at constant pressure. The associated change in the polarization can be computed as
∆P =
∫
∆T
p pT q dT ≈ p pT q∆T where p pT q is the pyroelectric coefficient of the material.
Combining these equations with ∆U from Eq. 4.2 gives
∆T ≈
c
pi
8
ε2(ω, T )ε0E
2
0τω
CP
(4.3)
∆P ≈ p pT q∆T =
c
pi
8
ε2(ω, T )ε0E
2
0τωp pT q
CP
(4.4)
Note, that these equations were derived under the assumption of adiabatic conditions.
In practice such conditions are maintained since the interaction of the nanowires with the
THz pulse occurs on an ultrafast femtosecond time scale, which is much shorter than the
time typically required for thermalization of the nanowire with its surroundings. In other
words, nearly adiabatic conditions will be maintained as long as the thermalization with the
environment occurs at a slower rate as compared to the rate at which the THz radiation
modifies the polarization of the nanowire.
Equations 4.3 and (4.4) can be used to analyze our computational data given that the
changes in temperature and polarization are relatively small since under these conditions,
CP and p pT q can be regarded as constants while the temperature dependence of ε2 pω, T q
can be neglected. Figure 4.22(a) depicts the change in temperature of the nanowire as a
function of the pulse width τ . According to Eq. (4.3), the change in temperature is expected
to increase linearly with increasing pulse width which is indeed the behavior seen in Fig.
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4.22(a). Figure 4.22(b) shows a quadratic dependence of ∆T on E0, in accordance with
Eq. (4.3). Equation (4.3) states that the dependence of ∆T on the frequency of the pulse
is non-linear. Since it depends on the product of ε2 pωq with ω. Figure 4.22(c) shows the
non-linear dependence of ∆T on the pulse linear frequency where ν = ω
2pi
. For ferroelectric
materials, the imaginary part of the dielectric response peaks in the THz frequency range due
to the soft mode phonon [121,185–187]. We have calculated the loss function ε2 pωq for bulk
Pb(Ti0.6Zr0.4)O3 at 300 K using the computational approach of Ref. [121]. Figure 4.22(d)
shows the product of this dielectric loss function and the frequency ε2 pωqω as a function of
linear frequency ν. By comparing Fig. 4.22(c) and Fig. 4.22(d), we observe good agreement
in the shapes of the curves with the peaks both centered around the intrinsic frequency of
Pb(Ti0.6Zr0.4)O3. This further confirms the accuracy of Eq. (4.3), in particular its ability to
predict the frequency dependence of the change in temperature of the nanowire for a given
electric field pulse. The broadening of the curves in Fig. 4.22(c) as compared to Fig. 4.22(d)
is likely due to the approximations made in neglecting the temperature dependence of CP and
ε2 pω, T q in deriving Eq. (4.3). Also, the data for Fig. 4.22(d) was calculated for bulk rather
than for a nanowire which could cause further differences between the shapes of the curves.
Neglecting the temperature dependence of p pT q would introduce further small discrepancies
in calculating the change in the nanowire’s polarization. In general, Figs. 4.22(a-d) confirm
that the thermodynamics of the nanowire’s interaction with the Gaussian shaped THz pulse
is indeed described by Eqs. (4.3) and (4.4).
In summary, our data suggest that under adiabatic conditions, ∆T and ∆P can be well
approximated by modeling the electric field as a periodic function with an average amplitude.
It also predicts that the nanowire responds to the THz pulse by a change in polarization and
temperature, confirming their potential as nanoscale THz radiation sensors. The change in
polarization ∆P can be converted into an external current with an average current density of
〈j〉 = ∆P
∆t
where ∆P is the change in polarization in the nanowire and ∆t is the time it takes
for this ∆P to occur. For example, the average current density associated with the change
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Figure 4.22: Simulation data for the 4.8 nm thick nanowire. (a) The dependence of ∆T
on the pulse half-width τ obtained from simulations with ν =3 THz and E0 =0.1 MV/cm
(circles); ν =0.6 THz and E0 =2.0 MV/cm (triangles); ν =4 THz and E0 =0.1 MV/cm
(squares). (b) The dependence of ∆T on the E20 obtained from simulations with τ =32 ps and
ν =3 THz (circles); τ =22 ps and ν =4 THz (triangles); τ =32 ps and ν =4 THz (squares).
(c) The dependence of ∆T on the ν obtained from simulations with E0 = 0.1 MV/cm and
τ =32 ps (circles); E0 = 0.2 MV/cm and τ =22 ps (triangles) E0 = 0.2 MV/cm and τ =32 ps
(squares). (d) The dependence of the product ε2(ω)ω on the frequency ν using ε2(ω) of bulk
Pb(Ti0.6Zr0.4)O3.
in polarization given in Fig. 4.22(c) is 1.6 kA mm−2. The imaginary part of the dielectric
response function ε2 pωq determines the bandwidth of the sensor, the wider the curve the
larger the frequency range of the response. For ferroelectric nanowires, it is expected that
the loss function ε2 will depend on the diameter of the nanowire giving increased tunability.
Furthermore, the pyroelectric coefficient p pT q of the nanowire should also be size dependent
which opens up more possibilities for tuning of these nanoscale sensors [188].
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4.2.2 Remote Polarization Switching Using an Applied Electric Field
One challenge which impedes technological progress is that of energy efficiency and for this
reason, devices should use the lowest operational fields possible. Ferroelectric nanowires
could potentially be used in the design of memory technology which would rely on the
ability to efficiently reverse electric polarization. More precisely, the read-write operation
is achieved via polarization reversal by the application of an electric field. To meet the
ever increasing demand for energy efficiency, it is desirable to use a relatively low electric
field. However for many ferroelectrics the coercive field or, the electric field required to
depolarize a ferroelectric material that is polarized to saturation, can be quite large [189–
191]. The previous section examined how the application of a Gaussian-shaped THz electric
field pulse to Pb(Ti0.6Zr0.4)O3 nanowires under open-circuit boundary conditions affects the
temperature and polarization. The electric pulse adds energy to the system which, under
adiabatic conditions, results in an increase in temperature and a change in the polarization.
Though the application of an electric field resulted in a change in polarization, complete
polarization reversal was not achieved since the electric field was applied along the lateral
direction of the nanowire. In this study, we have proposed a way to effectively reduce
the polarization reversal field (PRF) in ferroelectric nanowires. Our approach was based
on the superposition of a relatively low dc electric field (the bias field) and a Gaussian
shaped pulse of ac electric field with a THz frequency (THz pulse). The bias field could
be as low as half of the PRF at a given temperature. Nevertheless, it will reverse the
21Content from section 4.2.2 has been adapted from work which was previously published in R. Herchig,
C.-M. Chang, B. K. Mani, and I. Ponomareva, “An unusual route to polarization reversal in ferroelectric
ultrathin nanowires,” Applied Physics Letters, vol. 105, p. 012907, 2014., and has been reproduced with
permission from the American Institute of Pyhsics
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polarization if superpositioned with a properly tailored THz pulse. Moreover, this strategy
could be attractive for other potential applications, such as THz radiation sensing and remote
polarization switching. Alternatively, the THz pulses may be used to remotely switch the
polarization. To demonstrate the concept we carried out computational experiments in which
the nanowires are subjected to a variety of superpositioned fields. Our results demonstrate
that; (i) it is indeed possible to reverse the polarization in the nanowire by applying a
superposition of a relatively small bias electric field and THz pulsed radiation under adiabatic
conditions and, (ii) there exists a controllable route to such polarization reversal.
Polarization reversal in BaTiO3 nanowires under short-circuit electrical boundary condi-
tions has been achieved experimentally [192,193]. This was done by applying a dc field using
an AFM tip to a nanowire grown on a gold substrate. Though polarization reversal was
achieved in these nanowires, maintaining the final polarization state required the continued
application of the dc field and the polarization reverted back to its original direction once the
bias was removed. This is due to the fact that a locally switched segment with reversed po-
larization becomes energetically highly unfavorable and as a result it spontaneously switches
back to the original orientation [193]. By applying a combination of a dc field and a Gaus-
sian THz electric field pulse to a nanowire grown under open-circuit boundary conditions,
polarization reversal could be achieved with minimal energy expenditure. Once polarization
reversal has been achieved, the bias field could be removed with the polarization remaining
stable. This characteristic is an important requirement for non-volatile memory applications
in which a stable polarization state in the absence of an external power source is necessary.
Several experimental studies have also been carried out in BaTiO3 nanowires in which an
axial polarization was reversed [73,194]. However, in these studies it was also found that the
switched polarization was unstable and subsequently reverted back to its original orientation
upon removal of the bias field.
A computational approach similar to that of section 4.2.1 was used in this study to model
both PbTiO3 and Pb(Ti0.6Zr0.4)O3 nanowires with square cross sections of 21.8 nm
2. The
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electric field used in these simulations consisted of a small bias field and a Gaussian shaped
THz pulse. Using the equilibrated configurations for temperatures ranging from 5 to 1000 K
in steps of 5 K we first identify how the polarization reversal field of the nanowires depends
on the temperature. To accomplish this the nanowires are subjected to a bias field (Edc) for
5 - 20 ps. The longer times are used for electric fields which are closer to the PRF at a given
temperature. The dc electric fields used in the calculations were in the range of 10 - 2560
kV/cm. The data is reported in Fig. 4.23(a). The field, EPR, is found to decrease linearly
with increasing temperature, in agreement with experimental data from Ref. [167].
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Figure 4.23: Panel (a) shows the dependence of the polarization reversal field in PbTiO3
nanowire on the temperature. Panel (b) summarizes the data for the dependence of the
characteristic frequency on the temperature in bulk PbTiO3, biased and unbiased PbTiO3
nanowire. The bias field is 450 kV/cm.
Figure 4.23 suggests that if the temperature of the nanowire is increased, the PRF will be
effectively decreased. Equation 4.3 predicts that an electric pulse can be used to increase the
temperature of the nanowire. Therefore, a combination of a subswitching bias field (dc elec-
tric field which is insufficient to reverse the polarization) and an electric pulse could be used
reverse the direction of the polarization. The bias field provides a “preferential” direction
for the polarization by increasing the depth of the energy well creating an asymmetry in the
free energy vs. polarization while the electric pulse provides the additional energy needed to
150
overcome the energy barrier. To test this we applied, E ptq, under adiabatic conditions an
external electric field
E ptq = Eb + E0e−p
t−t0
τ q2 cos pωtq, (4.5)
where Eb is the bias field. The amplitudes of the electric field pulses are chosen to satisfy
the inequality E0 +Eb < EPR. This ensures that the maximum electric field of the nanowire
never exceeds the PRF associated with the initial temperature. The pulse width is varied
from 18 − 78 ps in order to tailor the THz pulse since the change in temperature increases
linearly with τ . The parameter t0 is chosen to be large enough as to allow the nanowire
sufficient time to equilibrate before the pulse has an appreciable effect on it.
In order for the pulse to effectively raise the temperature of the nanowire, the frequency,
ω, of the pulse must lie within the frequency range associated with the large imaginary
part of the complex dielectric susceptibility, ε2, of the nanowire. This is the frequency
range corresponding to the characteristic frequency of the nanowire, the “lossy” region. To
calculate the frequency range for different temperatures, we use the computational method
outlined in Ref. [121]. From this we were able to calculate the real and imaginary parts
of the susceptibility for the nanowire for a range of temperatures and identify the peak
associated with the imaginary part of ε2 pω, T q as described in section 4.1.4. In PbTiO3 the
soft mode is underdamped at room temperature which causes a sharp peak or equivalently
a narrow frequency range for which the nanowire is most responsive to the electric field.
In Fig. 4.23(b) we report the characteristic frequency of the A1 mode, ν0, as a function
of temperature for the 21.8 nm2 PbTiO3 nanowire and bulk PbTiO3 for comparison. It is
evident from the figure that the reduced dimensions associated with the nanowire have the
effect of shifting the ν0 pT q branches towards the lower frequency. The bias field also has
an effect on the complex dielectric response of the nanowire. To investigate the effect of
the bias field on the soft mode dynamics, we computed the characteristic frequencies of the
nanowire in the presence of a dc field of strength 450 kV/cm depicted in Fig. 4.23(b). The
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effect of the bias field is again to shift the ν0 pT q branches even further to lower frequency.
For temperatures well below the Curie point, the characteristic frequencies are about 1.0
THz lower than without the bias field present. The discontinuity in the ν0 pT q is due to the
transition from a metastable state with the polarization pointing opposite to the bias field
(for temperatures below 308 ± 5 K) to a stable state with the polarization vector aligned
with the bias field direction (for temperatures 305 ± 5 K). In the absence of the bias field,
the soft mode frequency is expected to be around 2.5 THz at ambient temperature. However,
the bias field shifts this value to around 1.5 THz at 300 K.
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Figure 4.24: Time dependence of the temperature (panel (a)) and polarization (panel (b))
in PbTiO3 nanowire. The curve contours the Gaussian envelope of THz pulse.
In Fig. 4.24(a) the instantaneous temperature as a function of time is shown for an
electric field pulse with the parameters Eb = 143 kV/cm, E0 = 214 kV/cm, ν = 1.5 THz,
and τ = 48 ps. The switching field for the nanowire at 300 K is 450 kV/cm. The sum of
Eb and E0 is 357 kV/cm and does no exceed 0.74EPR of the switching field strength. Figure
4.24(b) shows the instantaneous polarization as a function of time for the same parameters.
The lines represent the Gaussian envelope used in the calculations. The polarization switches
direction as the nanowire reaches 336 K and continues to increase in magnitude as it interacts
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with the pulse. The temperature reaches a final value of 350 K with the polarization being
completely reversed having a magnitude nearly equal to the initial value of P0 = -0.57 C/m
2
but with opposite sign. It is important to note that the switching of the polarization is in
fact due to the sub-switching bias field. The purpose of applying the THz pulse is to raise
the temperature in the nanowire. If the bias field is removed, no polarization reversal occurs
while the temperature of the nanowire still increases.
With proof of principle being provided by the data in Fig. 4.24, we next turn attention
to the possibility of controlled polarization reversal through the application of tailored THz
electric pulses coupled with bias fields (Eb) of various strengths. As previously mentioned,
the bias field is entirely responsible for the polarization reversal. However in order for the
polarization reversal to occur, sufficient energy needs to be supplied by the pulse in order to
elevate the nanowire’s temperature. The degree to which the temperature is elevated can be
controlled by careful choice of the pulse parameters E0, ν, and τ . The temperature difference
required to achieve polarization reversal can be estimated from
∆T ≈ dT
dEPR
rEb + E0 − EPR pTinitqs , (4.6)
where dT
dEPR
indicates the slope of the T pEPRq curve in Fig. 4.23. However, the change in
temperature in the nanowire due entirely to the influence of the THz pulse was found earlier
and is given by Eq. (4.3). Equating these two expressions gives
c
pi
8
ε2(ω, T,Eb)E
2
0τω = CP rEb + E0 − EPR pTinitqs , (4.7)
which provides a relationship between the parameters of the electric field associated
with polarization reversal. In other words, the set of parameters (Eb, E0, ν, and τ) which
satisfies Eq. (4.7) is expected to reverse the polarization in the nanowire. The number of
parameters can be further reduced by recognizing that when the frequency ω is relatively
large, the E0 term on the right hand side of Eq. (4.7) can be neglected. This is because
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the period of oscillations of the electric field is much shorter than the time associated with
the polarization reversal. For instance in Fig. 4.24, the time required for the polarization to
reverse is approximately 90.0 ps whereas the period of oscillations associated with the pulse
frequency of ω = 9.42 THz is T = 0.106 ps, about 850 times shorter than the switching time.
This high degree of tunability is advantageous when designing THz radiation sensors or even
ferroelectric memory devices since the conditions for which the polarization will reverse can
be controlled via the parameters associated with the pulse and the bias field.
A series of further calculations were carried out to test the validity of Eq. (4.7). For
these calculations the parameters (Eb, E0, ν, and τ) were varied with the restriction that
E0 + Eb < EPR. Figure 4.25(a) reports the inverse square of the pulse amplitude (
1
E20
) as a
function of the field frequency for several different bias field strengths. Equation 4.7 suggest
that if τ is held constant, the curve in Fig. 4.25(a) should follow ε2 pω, T,Ebqω. This is
indeed the case. Furthermore, the inverse square of the field amplitude is seen to be linear
in τ as suggested by Eq. 4.7. The computational data presented in Fig. (4.25) confirms the
validity of Eq. (4.7) and demonstrates the possibility of controlling the polarization reversal
in nanowires by using a subswitching bias field coupled with a tailored THz electric field
pulse. This also opens up the possibility for the sensing of THz radiation using ferroelectric
nanowires especially given that Fig. 4.25(a) shows the nanowires to be sensitive to only a
narrow region of the THz frequency range which is desirable for THz sensing applications.
We would also like to comment on our data for the Pb(Ti0.6Zr0.4)O3 nanowire for which
the same calculations were carried out. The effective Hamiltonian used here overestimates
the Curie temperature, meaning a computational temperature of 600 K should be used to
model an ambient temperature of 300 K. In general, the same trends were observed in the
Pb(Ti0.6Zr0.4)O3 data as were seen in the PbTiO3 nanowire. The PRF depends linearly with
a PRF of 940 kV/cm at ambient temperature, 600 K in the case of Pb(Ti0.6Zr0.4)O3. As for
the case of PbTiO3 we found the the polarization can be reversed by simultaneous application
of a subswitching bias field and a THz pulse. A series of simulations for different parameters
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(Eb, E0, ν, and τ) confirmed the validity of Eq. 4.7 for the Pb(Ti0.6Zr0.4)O3 nanowire as well.
Although the simulation temperature and PRF differed for the Pb(Ti0.6Zr0.4)O3 nanowire as
opposed to the PbTiO3 nanowire, similar trends were found in the data. [166]
In summary, we have proposed a novel route to polarization reversal in ferroelectric
nanowires which combines a sub-switching bias electric field and a Gaussian-shaped THz
electric field pulse. We have explored the electric field parameter space and quantified the
interaction between the polarization and the electric field under adiabatic conditions allowing
for a predictable polarization reversal in nanowires under open-circuit electrical boundary
conditions. Our approach allows for a substantial reduction in the polarization reversal field
which could potentially lead to lower energy consumption in applications utilizing polariza-
tion reversal. This polarization reversal mechanism could potentially be used in the design of
ferroelectric memory elements in which each individual nanowire stores a bit of information
as a polarization state. Additionally, the proposed approach could find applications in THz
radiation sensors and remote switches given that the polarization reversal is triggered by a
THz pulse.
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5 Electrocaloric Properties of Ferroelectric Nanowires
Over the past decade, ferroelectric materials have received considerable attention as possible
candidates for solid state cooling devices due to their strong thermal response to an applied
electric field, a well known example being the giant electrocaloric response discovered in
2006 in thin films made of PbZr0.95Ti0.05O3 [43]. The electrocaloric effect (ECE), defined as
an adiabatic change in temperature or equivalently an isothermal change in entropy due to
an applied electric field, could be used to extract heat from a system during a solid state
refrigeration cycle. Practically, ferroelectric nanostructures seem the most attractive as they
allow the application of a much larger applied electric field, impose fewer design restrictions
as compared to bulk, allow increased tunability with respect to the operable temperature
range as well as peak temperature response, could potentially be used for cooling nanoscale
devices. In fact, the majority of giant electrocaloric effects were reported for thin films
and polymer ferroelectric samples [43, 66, 195, 196]. While these materials have received
much attention in caloric effect studies, research on other low dimensional structures such as
nanowires and nanodots is limited at best [197–199]. Electrocaloric changes in temperature
of ∼ 12 K were found in PbTiO3 nanotubes using a Landau-Devonshire model when an
electric field is applied in combination with a compressive strain of ε11 = ε22 = −0.39%
applied in the plane of the nanotube (azimuthal direction in cylindrical coordinates) [198].
A giant ECE of 15-20 K was found in EuTiO3 nanowires at room temperature using a
phenomenological thermodynamic model [200]. This study also revealed that the ECE can be
22Content from this chapter has been adapted from work which was previously published in R. Herchig,
C.-M. Chang, B. K. Mani, and I. Ponomareva, “Electrocaloric effect in ferroelectric nanowires from atomistic
simulations,” Scientific Reports, vol. 5, p. 17294, 2015., and has been reproduced with permission from the
Nature Publishing Group
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enhanced by adjusting the nanowire diameter as well as the external tensile stress. However,
these studies were carried out using the indirect approach for calculating ∆TECE. In the
absence of experimental measurements on nanowires, first-principles-based simulations are
critical to establish the effect the reduced dimensionality will have on the electrocaloric
properties of ferroelectrics. Therefore, our goal in this study is to: (i) predict the intrinsic
features of the ECE in ferroelectric ultrathin nanowires; (ii) to elucidate the effect of reduced
dimensionality and size on the electrocaloric properties of nanoscale ferroelectrics; (iii) to
explore the potential of ferroelectric nanowires for nanoscale cooling applications.
5.1 Electrocaloric Effect in Nanowires
Having established the equilibrium phases and electric properties of nanowires in section
4.1, we turn to the modeling of the ECE and developing a quantitative model for estimating
the adiabatic change in temperature in terms of the spontaneous polarization and dielectric
susceptibility. We use the equilibrated dipole configurations which were calculated while
studying the static properties of PbTiO3, BaTiO3, and KNbO3 nanowires through simulated
annealings of section 4.1.
5.1.1 Adiabatic Temperature Change Under Application of ~E
To simulate the ECE we apply an electric field along the nanowire’s axial direction under
adiabatic conditions using the computational approach described in Refs [16, 201]. In bulk
the electric field is applied along the polarization direction. Technically, the electric field
was first applied and then removed very slowly at a rate of 100 V/m per one MC sweep to
ensure reversibility. A total of 2,000,000 MC sweeps were used for each simulation. Figure
5.1 shows the adiabatic change in temperature as a function of the applied electric field for
nanowires of all three materials. The data points for both increasing and decreasing electric
field strength are plotted demonstrating the reversibility of the process.
The electrocaloric temperature was computed as a function of the applied field for dif-
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Figure 5.1: Adiabatic change in temperature as a function of applied electric field for PbTiO3
(a), BaTiO3 (b), and KNbO3 (c).
ferent initial temperatures. The electrocaloric change in temperature as a function of the
initial temperature is given in Fig.5.2 for a few different values of the applied electric field.
We have also included data for the linear electrocaloric response, dT/dE, at low fields which
were computed by taking the zero field slope of temperature versus electric field data. It
should be noted that our computational data for BaTiO3 are in excellent agreement with
the direct experimental measurements on BaTiO3 multilayer thick film (see Fig.5.2(b)). For
the PbTiO3 nanowire, we find a reduction in the maximum electrocaloric response as com-
pared to the bulk. Similarly, we observe a reduced maximum electrocaloric response in both
BaTiO3 and KNbO3 nanowires as compared to their bulk counterparts. Both BaTiO3 and
KNbO3 mostly loose their electrocaloric properties in polydomain phases.
These qualitative findings, the reduction in the maximum ECE response and the lack of
response in the polydomain phase, can be elucidated with the help of Maxwell relation for
the electrocaloric change in temperature (see section 1.3.2)
dT
dE
= − T
CE
ˆ
∂P
∂T
˙
E
(5.1)
where CE is the volumetric heat capacity, P is the polarization, T and E are the temper-
ature and the electric field, respectively. For a ferroelectric material, the total polarization
is given by
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Figure 5.2: The electrocaloric change in temperature as a function of initial temperature for
a few values of the electric field (a)-(c). In (b) the triangles give the experimental data from
the direct measurements on thick films [202]. The linear ECE as a function of the initial
temperature. Note, that for bulk the electric field is applied along the polarization direction
(d)-(f).
P = Pspon + ε0εE (5.2)
in the linear approximation valid for low electric fields. Substituting this expression for
P into Eq. 5.1, the change in temperature with respect to electric field can be approximated
as
dT
dE
≈ − T
CE
„ˆ
∂Pspon
∂T
˙
E=0
+ ε0
ˆ
∂ε
∂T
˙
E=0
E

(5.3)
where Pspon is the spontaneous polarization and ε is the dielectric constant. The lat-
ter expression suggests that the linear ECE is proportional to the pyroelectric coefficient´
∂Pspon
∂T
¯
E=0
and the derivative of the dielectric constant with respect to temperature. Both
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the spontaneous polarization and the dielectric constant are reduced in the nanowire as evi-
dent from Fig.4.2 due to the reduced correlation length. This explains the observed decrease
in the maximum ECE in the nanowire as compared to bulk and also why the reduction in
ECE response is greatest when transitioning from bulk to nanowires in PbTiO3, then KNbO3,
and decreased only slightly in BaTiO3. To elucidate the reason why BaTiO3 and KNbO3
lose their ECE response in the polydomain phase we first notice that below the ferroelectric
transition temperature the ECE is dominated by the pyroelectric coefficient. Indeed in a
ferroelectric phase the two terms in the Maxwell relation have the opposite sign (as could be
seen from inspection of Fig.5.3) and compete with each other. The overall sign of the ECE
is determined by the largest of the two terms and is positive in this case (see Fig.5.2). The
positive sign of ECE implies that the pyroelectric coefficient
´
∂Pspon
∂T
¯
E=0
makes a dominant
contribution to the ECE. In the polydomain phase the spontaneous polarization depends on
the temperature only weakly (see Fig.4.2) resulting in very small values of the pyroelectric
coefficient and the associated ECE. More intuitively, the reduction of ECE in a polydomain
phase could be understood by recalling that inside each domain the polarization is at an
angle with the applied electric field ~E = Ezˆ, as shown in Fig. 4.3(a) where ~G = Gzˆ. As a
result the application of a relatively low electric field does not significantly affect the config-
urational disorder and the entropy associated with it. The lack of the entropy change results
in a negligible ECE.
Figure 5.3(a)-(c) shows the linear pyroelectric coefficient as a function of temperature
for PbTiO3, BaTiO3, and KNbO3 nanowires respectively as well as the temperature deriva-
tive of the dielectric susceptibility versus temperature (d)-(f). The strongest response for
both derivatives is found in the vicinity of the Curie temperature leading to the largest
electrocaloric changes in temperature. The two features in Fig. 5.3(e) and 5.3(f) near the
polydomain to monodomain phase transition can clearly be seen as well as the flattening
out of the pyroelectric response for the polydomain states of BaTiO3 and KNbO3; this is
especially pronounced in KNbO3 with dP/dT being essentially flat in the range of 0 to 400 K.
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Figure 5.3: Pyroelectric coefficient (a)-(c) and temperature derivative of the dielectric sus-
ceptibility (d)-(f) vs. temperature for PbTiO3, BaTiO3, and KNbO3 nanowires. The vertical
lines correspond to the temperature at which the nanowire transitions into the polydomain
phase.
5.1.2 Relative Cooling Power
To investigate the potential of the nanowires for cooling applications we computed the rel-
ative cooling power [203] RCP = ∆Tmax × δTFWHM , where ∆Tmax is the maximum of the
electrocaloric temperature change and, δTFWHM is the full width at half maximum. The
RCP values for different electric fields are given in Table 5.1. In all cases we find that the
RCP is reduced in nanowires, on an average by 20%.
Table 5.1: RCP values in K2 for different electric fields.
Electric field (kV/cm)
PbTiO3 BaTiO3 KNbO3
nanowire bulk nanowire bulk nanowire bulk
50 448 560 248 298 393 540
200 1628 1768 821 936 1253 1743
500 4514 5914 2593 3202 4040 4973
Interestingly, our computational data predict that, while the maximum electrocaloric
∆T as well as RCP are reduced in nanowires, their room temperature response could be
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significantly enhanced. Indeed all nanowires exhibit a decrease in the ferroelectric transition
temperature and associated shift in both dielectric and electrocaloric response (see Fig.4.2(c)-
(d) and Fig.5.2(c)-(d)). As a result the room temperature ∆T of BaTiO3 nanowire remains
comparable to ∆T in bulk, while PbTiO3 nanowire exhibits a 30% enhancement in the room
temperature ∆T , which is very attractive for near room temperature refrigeration.
In summary, we studied the ECE in poorly compensated ferroelectric ultrathin nanowires
and compared the findings to the ECE in bulk ferroelectrics. The computational data demon-
strate a reduction in the ECE in nanowires as compared to bulk which is attributed to the
reduced correlation length. In nanowires with polydomains the ECE is nearly negligible. The
electrocaloric change in temperature exhibits a strong correlation with the dielectric suscep-
tibility. Among the three ferroelectric perovskites studied in this work we find the largest
ECE and RCP in PbTiO3 followed by KNbO3 and BaTiO3. This behavior is well correlated
with the trends in the dielectric susceptibility and the spontaneous polarization data where
we find the largest values in PbTiO3, followed by KNbO3 and BaTiO3. While nanowires
exhibit reduction in maximum ECE, they offer the opportunity to tune the electrocaloric
temperature change through variation of the transition temperature. For example, in case of
PbTiO3 nanowires we find nearly 30% increase in the room temperature ∆T , which makes
such nanowires attractive for room temperature cooling applications.
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6 Antiferroelectric Nanowires
Antiferroelectrics are antipolar materials that develop long-range order but no spontaneous
polarization. A feature which characterizes these materials is the existence of a ferroelectric
phase which is very close in energy to the antiferroelectric phase. Through the application
of an electric field, the transition between the ferroelectric and antiferroelectric phase can
be facilitated which gives rise to the double hysteresis loops indicative of antiferroelectrics.
There exist alternative ways to induce the ferroelectric-antiferroelectric phase transition in
antiferroelectrics, one being the application of epitaxial strain. This can be done either
through hetrostructuring layers of antiferroelectric material with substrate layers [204, 205]
or by growing antiferroelectric nanostructures on a substrate layer [65,206]. In both of these
methods the driving force responsible for the stabilization of the ferroelectric phase is the epi-
taxial strain resulting from the lattice mismatch between the antiferroelectric material and
the substrate. Experimental evidence for this effect has been found in epitaxially strained
PbZrO3 single crystal thin films grown on SrRuO3/SrTiO3 substrates [205]. The films ranged
in thickness from 5 to 160 nm with films thicker than 22 nm exhibiting the characteristic
double hysteresis loops, while those thinner than 22 nm showing a single ferroelectric-like hys-
teresis behaviour. At zero electric field, all the films were reported to have non-zero remnant
polarization indicative of a mixed ferroelectric-antiferroelectric character. In another study
23Content from this chapter has been adapted from work which was previously published in B. K. Mani,
R. Herchig, E. Glazkova, S. Lisenkov, and I. Ponomareva, “Emergence of ferroelectricity in antiferroelectric
nanostructures,” Nanotechnology, vol. 27, p. 195705, 2016., and has been reproduced with permission from
the Institute of Physics Science Publishing
24Content from this chapter has been adapted from work which was previously published in R. Herchig,
B. Mani, S. Lisenkov, and I. Ponomareva, “Nanoscale properties of PbZrO3 nanowires: Phase competition
for enhanced energy conversion and storage,” Computational Materials Science, vol. 117, p. 468, 2016., and
has been reproduced with permission from Elsevier publishing
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done using PbZrO3 thin layers in epitaxial PbZrO3/Pb(Zr0.8Ti0.2)O3 multilayers, the samples
were found to either have mixed antiferroelectric-ferroelectric or only ferroelectric behaviour
depending on the number of bilayers. These layers were arranged as (PZOt/PZTt)m bilayers
where t refers to the thickness of the single layer, m is the number of layers, and T is the total
thickness of the sample. The thickness of the film was held constant, T = 100 nm, while the
number of bilayers was varied as (m=1,2,4,6, and 8). These values of m correspond to single
layer thicknesses of (t=50, 25, 12.5, ∼ 9, and ∼ 6 nm). It was determined that in samples
with t ≤ 9 the ferroelectric phase is stable while thicker films yield the antiferroelectric-
ferroelectric behaviour [204]. These results suggest that for the thinner films where the
epitaxial strain would have a greater effect on the antiferroelectric material, the strain tends
to stabilize the ferroelectric phase.
In epitaxial PbZrO3 films at room temperature, the orientation of the films was found
to determine whether it existed in a ferroelectric, antiferroelectric, or mixed phase [206].
Throughout the temperature range of 4.2 to 400 K, PbZrO3 films were grown with either a
(120)O or (001)O orientation. The films with the (120)O orientation show a mixed ferroelectric
and antiferroelectric behaviour through the entire temperature range with the ferroelectric
phase being more stable at low temperatures. The (001)O films show ferroelectric behaviour
only up to 60 K, above which they exhibit the characteristic double-loop hysteresis signature
of an antiferroelectric [206].
While studies on thin films [204–214] have begun to reveal the nature of phase transitions
and electric properties of quasi-2D antiferroelectrics, very little is known about antiferroelec-
tric nanowires. Antiferroelectric nanowires composed of NaNbO3 were synthesized and char-
acterized [58]. It was found that the nanowires are ferroelectric after annealing from 500◦C
down to ambient temperature. This same study found however that NaNbO3 microcubes are
in an antiferroelectric phase. This raises the question of whether dimensionality determines
the phase.
In a recent study [102], first-principles-based effective Hamiltonian calculations were
164
used to predict a surface effect which could be responsible for the size-driven ferroelectric-
antiferroelectric transition in antiferroelectric nanostructures. This surface effect stabilizes
the ferroelectric phase by removing energetically costly short-range interactions between
“head-to-tail” dipoles. Compared to thin films, nanowires have smaller interfacial area with
a substrate as well as a larger surface-to-volume ratio which could result in an enhanced sur-
face effect. Could this mechanism lead to the emergence of ferroelectricity in antiferroelectric
nanowires?
This study aims to fill the gap in our current understanding of the antiferroelectric nanos-
tructures through the use of first-principles based Monte Carlo simulations. Specifically we
aim to: (i) predict the size-driven onset of ferroelectricity in antiferroelectric nanowires; (ii)
establish the role of electrical boundary conditions, or partial surface charge compensation,
in the nanoscale phases of such nanowires; (iii) to gain a microscopic understanding of the
size effects in antiferroelectric nanowires.
6.1 Computational Methodology
Recent developments in the effective Hamiltonian model for antiferroelectric PbZrO3 have
made possible realistic simulations of nanoscale antipolar materials [61]. We simulate stress-
free PbZrO3 nanowires with square cross sections using a super cell of dimensions N ×N×
20 where N ranges from 8 to 20 unit cells corresponding to lateral sizes, d, in the range
3.3 - 8.3 nm. Periodic boundary conditions are applied along the axial direction to simulate
infinitely long nanowires grown along the [001] pseudocubic direction. The first-principles-
based Hamiltonian used in this study is that of Ref. [61] and outlined in section 2.2.3. We
simulate different electrical boundary conditions using the screening energy term explained in
section 2.2.2. This surface charge screening simulates indirectly electrodes or compensation
due to molecular adsorbates, charge carriers, intrinsic surface states, oxygen or other ionic
vacancies, as well as other mechanisms [110–114,215,216]. The parameter β which controls
the amount of surface charge screening ranges in values from 0 to 1 with 0 representing perfect
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open-circuit boundary conditions and 1 being perfect short-circuit boundary conditions. For
our nanowires, we consider realistic short-circuit boundary conditions using β values in the
range of 0.80 to 0.95 corresponding to 80 - 95 % of the surface charge being compensated.
Nanowires made of BaTiO3 have been synthesized under short-circuit electrical boundary
conditions (nanowire grown on conducting substrate) in which the polarization was found
to point along the radial direction of the nanowire [90]. The electric hysteresis loops are
simulated using the term that describes the interaction with the electric field in the effective
Hamiltonian described in section 2.2.2. To obtain the electric hysteresis loops the electric
field is applied in the x direction, perpendicular to the axial direction of the nanowire as
shown in Fig. 6.1. For each MC run, we simulate a different strength electric field; starting
from E = 0.0 kV/cm until the maximum of E = 4.0 kV/cm which we consider to be an
equilibration period. We use at least 40,000 Monte Carlo sweeps for a single run with a
canonical ensemble with the energy given by the effective Hamiltonian.
Figure 6.1: Schematic setup for a possible route to performing the electric measurements in
PbZrO3 nanostructures.
It is well known that the equilibrium phases in polar nanostructures are extremely sen-
sitive to the surface charge compensation [63, 67, 71, 113, 217]. Yet the exact amount of the
compensating charge remains impossible to measure or control experimentally. In fact, of-
ten times it is the nature of the nanostructure’s equilibrium phase that suggests whether
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the surface charge compensation is efficient. In particular, polar phases with polarization
perpendicular to the nanostructure surface are usually associated with good surface charge
compensation [63,67,113], while patterns with no net polarization are typically attributed to
poor surface charge compensation [71,217]. On the other hand, the surface charge compen-
sation due to extrinsic free carriers or molecular absorbates is likely to vary from nanowire
to nanowire or even within the same nanowire. To accommodate for both the uncertainty
and variation in the amount of compensating charge, we carry out simulations for the range
of β from 80 to 95% that is associated with relatively good surface charge compensation.
6.2 Emergence of Ferroelectricity in Antiferroelectric
PbZrO3 Nanowires
Since the appearance of a ferroelectric phase is likely to result in a large depolarizing field,
the stabilization of the ferroelectric phase in antiferroelectric nanowires requires a relatively
efficient mechanism for surface charge compensation. We presently consider nanowires with
good surface charge compensation, specifically with 86% - 98% of the surface charge screened.
Figure 6.2 shows the hysteresis loops obtained for nanowires of different diameters and differ-
ent values of β. Figure 6.2(a) indicates that as the lateral cross section decreases the coercive
field decreases, saturation polarization increases, and the loops transition from the antifer-
roelectric double loop structure to mixed antiferroelectric-ferroelectric loops. These loops,
however, are not associated with the coexistence of antiferroelectric and ferroelectric phases.
For the smallest diameter nanowires we observe a ferroelectric behaviour with relatively small
coercive fields. In other words, the thinnest nanowires behave as soft ferroelectrics. Under
the chosen electrical boundary conditions, PbZrO3 nanowires exhibit an unusual “mixed”
antiferroelectric-ferroelectric electric hysteresis similar to experimental findings for PbZrO3
films [206]. These hysteresis loops are the result of a strong competition between the anti-
ferroelectric and ferroelectric phases and could indicate the possibility of stabilizing either
of these phases in a zero electric field.
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Figure 6.2: Room temperature hysteresis loops for PbZrO3 nanowires with different percent-
ages of charge compensation.
Figure 6.2(b) gives computational data for the nanowires with very well compensated
surface charge that allows for a ferroelectric phase formation. Indeed we notice that in
this case all nanowires exhibit a ferroelectric phase. We observe that as the diameter of
the nanowires is reduced, the coercive field and remnant polarization increase signifying a
further stabilization of ferroelectricity by the surface effects. Our data predict that antiferro-
electric nanowires exhibit pronounced size effects that include the emergence of ferroelectric
phases below some critical lateral size, tunability of the electrical properties, and competition
between the antiferroelectric and ferroelectric phases. As stated previously it was recently
proposed that, the presence of a surface favors the formation and stabilization of ferroelec-
tric phase in antiferroelectrics by eliminating energetically costly “head-to-tail” dipoles [102].
This stabilizing effect is expected to increase as the surface-to-bulk dipole ratio increases.
The dipole pattern in Fig. 6.3(b) reveals that the antiferroelectric phase in the nanowires
with the largest d are associated with the Σ2 point in the Brillouin zone and closely resembles
the dipole pattern for bulk PbZrO3. The dipoles are arranged in a striped domain pattern
with dipoles pointing in opposite directions with a periodicity of 4 unit cells and showing
orthogonal symmetry. Evidence for the surface effect can also be seen in this dipole pattern
with the arrangement deviating significantly from the one inside the nanowire as the surface
dipoles exhibit a tendency to align perpendicular to the surface. Figure 6.3(c), on the other
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hand, shows the dipole pattern for the nanowires with the smallest d. The dipoles are
arranged in a monodomain state with the average dipole moment pointing along the lateral
x direction. For these figures, we used the dipole pattern found at 5 K to reduce the effect of
thermal fluctuations. Our calculations predict that ultrathin PbZrO3 nanowires with good
surface charge compensation develop ferroelectric phases below a certain critical diameter.
(a) (b)
Figure 6.3: (a) Low temperature zero field dipole pattern in the thickest nanowires used in
Fig. 6.2(a). (b) Low temperature zero field dipole pattern in the thinnest nanowires used in
Fig. 6.2(a).
6.3 Role of Surface Charge Compensation in Stabilization of the
Ferroelectric Phase
We next look at the effect of partial surface charge compensation on the equilibrium phases,
electrical properties, and antiferroelectric-ferroelectric phase transitions in PbZrO3 nanowires.
Figure 6.4(a) shows hysteresis loops for a nanowire with d = 5.8 nm obtained using different
percentages of surface charge compensation. For poorly compensated nanowires (β=0.20),
we observe only a linear response of polarization to the applied electric field and no field-
induced transition into the ferroelectric or antiferroelectric phase. As a greater percentage
of the surface charge is compensated for (β = 0.91), the characteristic double hysteresis loop
emerges and the nanowires response to the electric field is similar to that of the bulk anti-
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ferroelectric. Further improvement of the surface charge compensation (β = 0.95) results in
ferroelectric behaviour in the nanowire.
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Figure 6.4: (a) Room temperature hysteresis loops for PbZrO3 nanowires with different per-
centages of partial charge compensation. (b) Room temperature polarizations as a function
of surface charge compensation for nanowires with different lateral sizes.
Figure 6.4(b) shows the spontaneous polarization as a function of the surface charge
compensation for a few representative nanowire lateral sizes. For all lateral sizes shown,
poor surface charge compensation results in the formation of an antiferroelectric bulk-like
phase with no spontaneous polarization and the double striped dipole pattern shown in
Fig. 6.3(b). As the quality of the surface charge screening improves, the nanowires exhibit
an onset of ferroelectricity as evident from the abrupt increase in the polarization. Our
calculations predict that the quality of the surface charge compensation plays a critical role
in the development of the ferroelectric phases in antiferroelectric nanowires. Specifically, only
nanowires with very good surface charge compensation are able to develop a ferroelectric
phase while poor surface charge compensation leads to a large residual depolarizing field
which is incompatible with the ferroelectric phase. This behaviour can be seen in Fig.
6.4(b) where for the nanowire with d = 4.1 nm, the ferroelectric phase develops around
β = 0.88 while the thicker nanowire (d = 8.3 nm) transitions into the ferroelectric phase
at β = 0.92. That is, as the lateral size of the nanowires decreases, the P (β) curves move
to the left indicating that smaller nanowires require less compensation charge to form the
ferroelectric phases. Additionally, for the thicker nanowires the total polarization is reduced
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as compared to thinner nanowires at the same β value.
Interestingly, when we compare the data from Fig. 6.4(b) to data for similar calculations
for PbZrO3 nanodots and thin films [218], the evidence for the stabilizing effect resulting from
the presence of surface which favors the formation and stabilization of ferroelectric phase
in antiferroelectrics [102] is even more pronounced. The ferroelectric phase in PbZrO3 thin
films is most sensitive to the amount of surface charge compensation requiring an excellent
surface charge screening to develop a ferroelectric phase. By contrast, PbZrO3 nanodots are
able to develop a ferroelectric phase with a much less efficient screening mechanism resulting
in much poorer surface charge compensation. For thin films with thickness roughly the same
as the lateral size of the nanowires in Fig. 6.4(b), almost complete screening of the surface
charge is required in order for a ferroelectric phase to develop with β ∼ 95 - 98 % efficient.
However, nanodots with approximately the same lateral dimensions only require ∼ 82 -
86 % surface charge screening. This can be explained by the surface effects which favor the
ferroelectric phase and disfavor the antiferroelectric phase [102]. Since the nanodot has the
largest surface-to-volume ratio, it exhibits the largest stabilizing effect by more efficiently
eliminating energetically costly “head-to-tail” dipoles while the thin film with only one finite
dimension exhibits the weakest effect.
We find that the PbZrO3 nanowires do not develop vortex states commonly found in fer-
roelectric nanowires under poor surface charge compensation [71,180]. The antiferroelectric
nanowires rather remain in the antiferroelectric bulk-like phase under these conditions. This
is a consequence of the energetic proximity of the antiferroelectric phase to the ferroelectric
phase in antiferroelectrics [102].
We next discuss how the equilibrium phases and electrical properties of the PbZrO3
nanowires respond to a reduction in lateral cross section. Figure 6.5 shows the dependence
of the spontaneous polarization on the lateral size, d, for a few selected β associated with
good surface charge compensation. The thickest nanowires exhibit no spontaneous polariza-
tion and remain in the antiferroelectric phase. As the lateral cross section of the nanowires
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Figure 6.5: Room temperature polarization as a function of lateral size, d, for nanowires
with different percentages of surface charge compensation.
decreases, holding the degree of surface charge compensation constant, they undergo a phase
transition into the ferroelectric phase at some critical thickness. Below this critical thickness
a decrease in the lateral size leads to an increase in the polarization due to further stabiliza-
tion of the ferroelectric phase by the surface effects. The critical thickness for the size driven
antiferroelectric-ferroelectric phase transition depends strongly on the surface charge com-
pensation but typically is below 10 nm. These results agree well with experimental findings
for PbZrO3 thin layers in epitaxial PbZrO3/Pb(Zr0.8Ti0.2)O3 multilayers [204]
6.4 Proposed Applications
The ever increasing need for energy supply has propelled the quest for cleanly-generated
and renewable energy. At present the electric energy demand is increasing twice as fast
as overall energy use and expected to rise by more than two-thirds by 2035. For exam-
ple, in 2012 42% of primary energy used was converted into electricity [219]. This in turn
drives the demands for devices for efficient storing, absorbing, supplying, and converting
electricity. These devices require high energy storage densities, high power density, high en-
ergy efficiency and conversion characteristics. The demand for functional materials is even
more urgent for miniaturized and integratable electronics and electrical systems. Among
bulk materials antiferroelectrics are receiving a lot of attention owing to their potential
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for energy storage and conversion that stems from the large saturation polarization, small
remnant polarization, and excellent electromechanical characteristics. For example, opti-
mized (Pb0.97La0.02)(Zr0.98Ti0.02)O3 thick films can exhibit energy storage density of up to
60 J/cm3 and nearly 40% efficiency [220]. This is to be compared with a typical dielectric
capacitor that can only store up to 2 J/cm3 of energy [18]. Another unique and technologi-
cally desirable feature of antiferroelectrics is the large change in strain that accompanies the
antiferroelectric-to-ferroelectric phase transition induced by an electric field. For example,
in antiferroelectric bulk ceramics the difference in strain between the antiferroelectric and
ferroelectric phases can reach up to 0.4% making them excellent candidates for microactua-
tors [221].
While antiferroelectrics have emerged as strong competitors in the area of materials for
energy applications, their prospects for use as miniaturized devices remain largely unknown.
The majority of studies to date have focused on the thin film geometry owing to the advances
in the films’ growth techniques [18, 221]. Antiferroelectric films have been reported to have
an energy storage density in the range of 7- 37 J/cm3 [18] which is lower than the values
found for the bulk. Somewhat similar is the trend in the electromechanical response which
seems to become weaker in thin films. For instance, the strain in antiferroelectric thin films
can only reach up to 0.2% [222,223]. Could this deterioration of properties be caused by the
tendency of the antiferroelectric thin films to develop ferroelectric phases [204,205,207–209]?
On the other hand, the properties of antiferroelectric nanostructures beyond the planar ge-
ometry is even less investigated and understood [58, 224–227], which is especially true for
antiferroelectric nanowires. Nanowires can be synthesized using a variety of experimental
techniques [58, 72, 224] and are particularly valuable as both interconnects and functional
units in the fabrication of electronic, optoelectronic, electrochemical, and electromechan-
ical nanodevices [228]. At the same time the prospects of antiferroelectric nanowires for
energy related applications remain virtually unknown. Can antiferroelectric nanowires out-
perform their bulk counterparts for energy storing and converting properties or will the onset
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of ferroelectricity at the nanoscale indeed cause a deterioration in functionality? While a
definite experimental answer is pending, the atomic-scale first-principles-based simulations
can already provide some valuable guidelines. Here we use first-principles-based simulations
to calculate various static properties in PbZrO3 nanowires and explore the ways in which
these antiferroelectric nanowires could potentially enhance the performance of technological
devices.
6.4.1 Energy Storage Applications
Figure 6.6 (a) shows that for nanowires with poorly compensated surface charge the double
hysteresis loops characteristic of antiferroelectrics is seen while for more efficient surface
charge compensation mechanisms, the loops depict ferroelectric behavior while intermediate
values lead to a mixed behavoir. As previously mentioned in section 6.1, uncertainty and
variation in the amount of compensating charge exist under experimental conditions. In
order to more realistically reproduce these conditions in our calculations, the data for a
given nanowire lateral size are averaged over the entire range of β = 0.85 − 0.96; this can
be understood as an averaging of the range of hysteresis behaviour depicted in Fig. 6.6(a).
Such an approach models closely experimental conditions where the compensating charge is
only known at a qualitative level.
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Figure 6.6: Electrical hysteresis behavior for 5.0 nm nanowire for representative β (a) Depen-
dence of the polarization on the electric field for nanowires of different lateral sizes obtained
by averaging over different β (b).
Fig.6.6(b) shows the room temperature P (E) loops obtained by averaging over different
β for nanowires with d of 5.0 and 8.3 nm. Note that for the remainder of the chapter we
report data averaged over the entire range of β. We notice that the thinner nanowire exhibits
a ferroelectric behavior while the thicker nanowire responds to the electric field similar to
a lossy dielectric. Interestingly, our computational data for the thicker nanowire resemble
closely the loops obtained for 22-100 nm thick PbZrO3 films [205, 208, 209] which suggests
that our model of variable surface charge compensation captures well the polarization charge
screening in nanoscale antiferroelectrics. One remarkable feature of the P (E) loops is the rel-
atively large dP/dE slope as compared to a typical dielectric. The reason behind such a large
response is the mixed antiferroelectric-ferroelectric character of the room temperature phase.
Both ferroelectric and antiferroelectric phases share large saturation polarization, however,
the antiferroelectric phase leads to a reduced value of remnant polarization. We computed
the dielectric response of different nanowires by calculating dP/dE and extrapolating the
slope to zero electric field (zero-field dP/dE slopes). Because our computational method
underestimates the dielectric susceptibility, χ, of bulk PbZrO3, the values for the nanowires
are reported in Fig.6.7(b) relative to the computational susceptibility of bulk PbZrO3. Our
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computations predict a dramatic (up to eight times) increase of χ in nanowires as compared
to the bulk. The improvement in the dielectric response is attributed to the contribution
from the ferroelectric phase.
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Figure 6.7: The dielectric susceptibility reported relative to bulk as a function of d (a);
recoverable energy density (b) and efficiency (c) as a function of nanowire lateral size.
The combination of large polarization with slim hysteresis loops is favorable for energy
storage. For an equivalent difference in potential, a material with high dielectric constant
will possess a greater energy density. As evidenced from Fig. 6.7(b), PbZrO3 nanowires
possess significantly larger dielectric constants than their bulk counterparts. Therefore,
comparable energy densities can be achieved in PbZrO3 nanowires at lower electric fields.
This will increase energy efficiency while reducing the risk of dielectric breakdown or electrical
aging/fatigue in the material [229]. To estimate the performance of PbZrO3 nanowires in
energy storage applications we calculated the recoverable energy density, Wr, and efficiency,
ηeff . These quantities are defined by the expressions
Wr =
∫
EdP ηeff =
2Wr
2Wr +Wloss
(6.1)
where E is the applied electric field, dP is the infinitesimal change in the polarization,
and Wloss represents the energy density lost per cycle and is depicted in Fig. 6.8.
The Wr and ηeff for nanowires of different lateral sizes computed for the maximum
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Figure 6.8: Hysteresis loop depicting the recoverable and non-recoverable portions of the
energy density for d = 8.3 nm nanowire. Light green shaded area inside the hysteresis curve
shows Wloss while the blue area above the curve in the first quadrant shows Wr.
electric field of 4.0 MV/cm are given in Fig.6.7(b) and (c) respectively. The straight hori-
zontal lines give the value for bulk PbZrO3. We first note that the bulk value for Wr of 53
J/cm2 compares well with the experimental values of 37-53 J/cm2 obtained for optimized
(Pb0.2La0.02)(Zr0.95La0.05)O3 thick films under comparable electric fields [230]. Secondly, our
model predicts that PbZrO3 nanowires could significantly outperform their bulk counter-
parts in terms of the recoverable energy density. Indeed Wr for thicker nanowires is about
50% larger than the bulk value. The enhancement in Wr is attributed to smaller electric
hysteresis in the thicker nanowires [see Fig.6.7(a)]. Thinner nanowires develop a ferroelectric
phase which increases the electric hysteresis leading to a reduction in Wr, while the efficiency
is comparable to bulk. Based on our numerical data we conclude that PbZrO3 nanowires
are promising candidates for energy storage applications in miniaturized devices.
6.4.2 Electrocaloric Coolers
Next we turn to the temperature evolution of the remnant polarization, Pr, in the nanowires.
The data were obtained by heating the poled nanowires from 5 to 1200 K. Fig.6.9(a) gives
a representative dependence Pr(T ) for the d = 5.0 nm nanowire. We notice the gradual
onset of remnant polarization which originates from the coexistence of the ferroelectric and
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antiferroelectric phases that compete with each other. The antiferroelectric phase is favored
at higher temperatures, while the ferroelectric phase is preferred at lower temperatures. This
is in agreement with the experimental findings for ultra thin PbZrO3 films [206]. Such broad
Pr(T ) dependence is highly desirable for cooling applications that utilize the electrocaloric
effect as it allows for a much larger operating temperature range. Fig.6.9(b) shows the
dependence of the temperature associated with the onset of spontaneous polarization, TP , on
the nanowires’ lateral size. TP increases with the decrease in d consistent with the stabilizing
role of the surface in the formation of the ferroelectric phase in PbZrO3 nanostructures. In
other words, as the lateral size of the nanowires decreases, the ferroelectric phase is favored
at increasingly higher temperatures.
 0
 3
 6
 9
 12
 15
 18
 21
 0  300  600  900  1200
P r
 
( µ
C /
c m
2 )
T (K)
(a)
 500
 600
 700
 800
 900
 1000
 4  5  6  7  8  9
T P
 
( K
)
d (nm)
(b)
Figure 6.9: (a) Temperature dependence of the remnant polarization. (b) Dependence of the
temperature associated with the onset of spontaneous polarization on the nanowire size.
6.4.3 Electromechanical Applications
Next we discuss the electromechanical properties of PbZrO3 nanowires. Fig.6.10(a) and (b)
shows the dependence of the η1 and η3 components of the strain tensor on the electric field
for one representative nanowire (d =8.3 nm). The η1(E) loop for the nanowire is in excellent
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qualitative agreement with the standard ferroelectric amplitude curve for NaNbO3 nanowires
[58]. One interesting feature of the η(E) loops is the diffused character of the field induced
antiferroelectric-ferroelectric phase transition. Similar features were previously reported for
antiferroelectric PLZST films [221]. In both cases the effect originates from the modified
competition between the antiferroelectric and ferroelectric phases. In films the perturbation
was attributed to the thermal mismatch between the film and substrate, while in nanowires
considered here the perturbation is due to the surface charge compensation. Such diffused
character of the antiferroelectric-ferroelectric phase transition is very attractive for analog
actuation applications that require a faster response and more precise micropositioning [221].
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Figure 6.10: Dependence of the different components of the strain tensor on the electric field
in 8.3 nm nanowire (a) and (b); Dependence of the piezoelectric coefficients on the nanowire
size (c); Temperature evolution of spontaneous strain in 5 nm nanowire (d).
We have used the η1(E) and η3(E) dependencies to compute the piezoelectric coefficients
d11 and d13, respectively, using the defining equation diν =
´
∂ην
∂Ei
¯
σ
=
´
∂Pi
∂σν
¯
E
[231]. Here,
Ei and Pi are the ith components of the macroscopic electric field and the corresponding
component of the polarization vector, and ν = {1, 2, 3, 4, 5, 6} denotes the component of
the strain tensor in Voigt notation. Due to the symmetry of the nanowire, we calculate
only the piezoelectric coefficients for the strain along the axial and non-axial directions due
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to an electric field along the x (non-axial) direction. The computational data are given
in Fig.6.10(c). The coefficients are in the range of 20 to 30 pC/N which is comparable
to the coefficients in PZT away from the morphotropic phase boundary. Both coefficients
are more than an order of magnitude larger than the coefficients of 1.1 pC/N computed
for bulk PbZrO3. The enhancement of the piezoelectric coefficients is a consequence of the
diffused character of the field induced antiferroelectric-ferroelectric phase transition in the
nanowires. We also computed the temperature evolution of the spontaneous strain in the
nanowires. A representative data for d =5.0 nm nanowire are given in Fig.6.10(d). The data
predict a large variation of spontaneous strain in a wide temperature range which is very
desirable for piezocaloric applications. In such applications the temperature is controlled
by the application of external stress [201]. Our computational data suggest that PbZrO3
nanowires have promising electromechanical properties.
In summary, our simulations predict that PbZrO3 nanowires with imperfect surface
charge compensation exhibit a strong competition between antiferroelectric and ferroelectric
phases that is strongly influenced by the surface effects. This competition leads to the onset
of ferroelectricity in ultra thin nanowires, and strong enhancement of both dielectric suscepti-
bility and energy storage characteristics. The electric-field-induced phase transition acquires
a diffused character leading to the enhancement of the piezoelectric constants in comparison
with bulk. In fact, the piezoelectric coefficients in PbZrO3 nanowires are predicted to exceed
the ones for a typical piezoelectric material, ZnO. Furthermore, the temperature dependen-
cies of the spontaneous polarization and strain in PbZrO3 nanowires have a rather monotonic
character which is attractive for potential applications in solid-state coolers.
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7 Summary and Concluding Remarks
In conclusion, we have used an effective Hamiltonian approach to provide insight into the
static and dynamic properties of ferroelectric/antiferroelectric nanowires at an atomistic
scale. We developed an effective Hamiltonian for KNbO3 which accurately predicts the
Curie temperature and correct sequence of phase transitions, important for the study of
caloric properties. The effective Hamiltonian was subsequently tested through the calcula-
tion of numerous static and dynamic properties including the unit cell volume, spontaneous
polarization, bulk modulus, thermal expansion coefficients, phonon dispersion and frequen-
cies.
We studied the fundamental properties of ferroelectric nanowires, identifying the emer-
gence of a toroidal moment of polarization in BaTiO3 and KNbO3 nanowires within a low
temperature polydomain phase. We also shed light on the nature of the ferroelectric phase
transition in nanowires which, due to a reduced correlation length associated with the trun-
cated dimensions, exhibit a smearing of the phase transition and dielectric response not
found in bulk ferroelectrics. We conducted an extensive computational study on PbTiO3
nanowires which explored the effects of hydrostatic pressure, applied uniaxial stress, and
biaxial strain on the structural properties, transition temperatures, and soft mode dynam-
ics. We discovered that depending on which specific mechanical boundary conditions were
applied, the nanowire can exhibit either monodomain or polydomain vortex phases. This
behavior is not found in bulk PbTiO3 and originates from the critical role of the depolarizing
field. We found a rich variety of dipole patterns, particularly for the polydomain states with
the dipoles arranged in single and double polarization vortices depending on the type and
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strength of the mechanical boundary conditions. The soft mode frequency dynamics are also
strongly affected by the mechanical boundary conditions. For monodomain phases the Curie
temperature was found to have a linear dependence on the pressure, stress, or biaxial strain,
in agreement with findings for bulk PbTiO3. In particular, we found that the frequency of
the E mode in the P4mm phase is significantly larger than the A1 mode which is in contrast
with bulk PbTiO3. This striking finding is attributed to the presence of the depolarizing
field along the truncated directions which leads to mode hardening.
We explored the possibility of using tailored electric field pulses to control the tempera-
ture and polarization in ferroelectric nanowires under open-circuit boundary conditions using
effective Hamiltonian Molecular Dynamics simulations within an NVE ensemble. Our data
suggest that under adiabatic conditions, ∆T and ∆P can be well approximated by modeling
the electric field as a periodic function with an average amplitude. It also predicts that the
nanowire responds to the THz pulse by a change in polarization and temperature, confirm-
ing their potential as nanoscale THz radiation sensors. The imaginary part of the dielectric
response function ε2 pωq determines the bandwidth of the sensor, the wider the curve the
larger the frequency range of the response. For ferroelectric nanowires, it is expected that
the loss function ε2 will depend on the diameter of the nanowire giving increased tunability.
Furthermore, the pyroelectric coefficient p pT q of the nanowire should also be size dependent
which opens up more possibilities for tuning of these nanoscale sensors. We have proposed a
novel route to polarization reversal in ferroelectric nanowires which combines a sub-switching
bias electric field and a Gaussian-shaped THz electric field pulse. We have explored the elec-
tric field parameter space and quantified the interaction between the polarization and the
electric field under adiabatic conditions allowing for a predictable polarization reversal in
nanowires. Our approach allows for a substantial reduction in the polarization reversal field
which could potentially lead to lower energy consumption in applications utilizing polariza-
tion reversal. This polarization reversal mechanism could potentially be used in the design of
ferroelectric memory elements in which each individual nanowire stores a bit of information
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as a polarization state. Additionally, the proposed approach could find applications in THz
radiation sensors and remote switches given that the polarization reversal is triggered by a
THz pulse.
We used the effective Hamiltonian method to study the ECE in poorly compensated fer-
roelectric ultrathin nanowires and compared the findings to the ECE in bulk ferroelectrics.
The computational data demonstrate a reduction in the ECE in nanowires as compared to
bulk which is attributed to the reduced correlation length. In nanowires with polydomains
the ECE is nearly negligible. The electrocaloric change in temperature exhibits a strong
correlation with the dielectric susceptibility. Among the three ferroelectric perovskites stud-
ied in this work we find the largest ECE and RCP in PbTiO3 followed by KNbO3 and
BaTiO3. This behavior is well correlated with the trends in the dielectric susceptibility and
the spontaneous polarization data where we find the largest values in PbTiO3, followed by
KNbO3 and BaTiO3. While nanowires exhibit reduction in maximum ECE, they offer the
opportunity to tune the electrocaloric temperature change through variation of the transi-
tion temperature. For example, in case of PbTiO3 nanowires we find nearly 30% increase
in the room temperature ∆T , which makes such nanowires attractive for room temperature
cooling applications.
Atomistic simulations were carried out to explore static properties of antiferroelectric
PbZrO3 nanowires under short-circuit boundary conditions. Our simulations predict that
PbZrO3 nanowires with imperfect surface charge compensation exhibit a strong competition
between antiferroelectric and ferroelectric phases that is strongly influenced by the sur-
face effects. This competition leads to the onset of ferroelectricity in ultra thin nanowires,
and strong enhancement of both dielectric susceptibility and energy storage characteristics.
The electric-field-induced phase transition acquires a diffused character leading to the en-
hancement of the piezoelectric constants in comparison with bulk. In fact, the piezoelectric
coefficients in PbZrO3 nanowires are predicted to exceed the ones for a typical piezoelectric
material, ZnO. Furthermore, the temperature dependencies of the spontaneous polarization
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and strain in PbZrO3 nanowires have a rather monotonic character which is attractive for
potential applications in solid-state coolers.
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Creative Commons Licenses
Scientific Reports articles are published open access under a CC BY license (Creative
Commons Attribution 4.0 International License). The CC BY license allows for
maximum dissemination and re-use of open access materials and is preferred by many
research funding bodies. Under this license users are free to share (copy, distribute
and transmit) and remix (adapt) the contribution including for commercial purposes,
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Under Creative Commons, authors retain copyright in their articles.
Visit our open research site for more information about Creative Commons licensing.
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Publishing licences and compliance with open access mandates
NRG author licence policy
This policy applies to all journals published by Nature Research Group (NRG), including the Nature journals. Nature Research's
policies are compatible with the vast majority of funders' open access and self­archiving policies. Please see here for exceptions.
NRG does not require authors of original (primary) research papers to assign the copyright of their published contributions.
Authors grant NRG an exclusive licence to publish, in return for which they can reuse their papers in their future printed work
without first requiring permission from the publisher of the journal.
For commissioned articles (for example, Reviews, News and Views), copyright is retained by NRG.
General information about licencing policies and re­use can be found at the reprint and permission website.
Creative commons licences
NRG open access and hybrid journals
All open access articles published in NRG Journals are published under Creative Commons licences. Please see the licence section
on individual journal websites for more information, for example: Nature Communications and Scientific Reports.
For more information about open access licensing, please see our open research site.
Nature journals
For subscription titles, Creative Commons licences are occasionally used for specific types of papers:
­articles that are publishing the primary sequence of an organism's genome for the first time (policy introduced in December
2007). A Nature Editorial introducing this service can be read here.
­articles describing reporting and experimental standards and white papers presenting the roadmap of large community initiatives
(policy introduced in April 2011).
­articles describing community experiments to compare the performance of software tools (policy introduced in November 2012).
The application of these licences is at the editor’s discretion. For journals that do not have an open access option, no article
processing charge will be applied to these papers. If you have questions about this type of content, please contact the journal’s editor
who will determine if the paper qualifies as part of one of these categories.
The licence used for OA articles in subscription journals is CC BY 4.0 .
 
Self­archiving policy
Nature Research Group's policies are compatible with all major funders' open access and self­archiving mandates.
More information is available on the SHERPA/ROMEO website. NRG actively supports the self­archiving process, and
continually works with authors, readers, subscribers and site­license holders to develop its policy.
Preprints
Authors of primary research papers may post a copy of their manuscript in preparation or submitted to a Nature journal in
recognized non­commercial preprint servers (such as ArXiv and bioRXiv).
Final Author Version (accepted manuscript)
When a research paper is accepted for publication in an NRG journal, authors are encouraged to submit the Final Author Version
(the authors' accepted version of their manuscript) to PubMedCentral or other appropriate funding body's archive, for public
release six months after first publication. In addition, authors are encouraged to archive this version of the manuscript in their
institution's repositories and, if they wish, on their personal websites, also six months after the original publication. Authors should
cite the publication reference and DOI number on the first page of any deposited version, and provide a link from it to the URL of
the published article on the journal's website.
Where journals publish content online ahead of publication in a print issue (known as advanced online publication, or AOP),
authors may make the archived version openly available six months after first online publication (AOP).
Open access content
For open access content published under a Creative Commons licence, the published version can be deposited immediately on
publication, alongside a link to the URL of the published article on the journal's website.
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In all cases, the requirement to link to the journal's website is designed to protect the integrity and authenticity of the scientific
record, with the online published version on nature.com clearly identified as the definitive version of record.
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1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit ­ "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
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12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non­exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper­text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper­text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.
Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password­protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write­up of research results and analysis, it has not been peer­
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
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version. Please note that Cell Press, The Lancet and some society­owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author­
incorporated changes suggested during submission, peer review and editor­author
communications.
Authors can share their accepted author manuscript:
immediately
via their non­commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation­only research collaboration work­group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation­only work group on
commercial sites with which Elsevier has an agreement
After the embargo period
via non­commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
link to the formal publication via its DOI
bear a CC­BY­NC­ND license ­ this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value­adding publishing activities including peer review co­ordination, copy­editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full­text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author­selected end­user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
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19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re­use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC­BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY­NC­SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by­nc­sa/4.0.
CC BY NC ND: The CC BY­NC­ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by­nc­nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e­mail lists or share buttons
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Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
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Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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